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 For nearly two decades, the unique size- and shape-dependent optical properties of gold 
nanorods (AuNRs) have inspired a great deal of scientific inquiry. Due to a phenomenon known 
as localized surface plasmon resonance (LSPR), AuNRs have been captivating researchers with 
their beautiful colors while their use in a broad range of applications—including sensing, 
imaging, cancer therapy, catalysis, and electronics, among other—have been investigated. Part of 
the interest in AuNRs is due to their versatility. Because the optical properties of AuNRs are 
shape dependent, AuNRs can be tailored so that their LSPRs meet the requirements of a broad 
variety of applications. Just as important have been advances for the surface modification of 
AuNRs. Future applications of AuNRs will depend on the ability to combine them with novel 
and functional materials and to control not just what kinds of chemical modifications are done to 
surfaces but also to be able to control where they occur.  
 In Chapter 1, AuNRs and their properties are introduced. After a brief history on the seed 
mediated synthesis that is used to produce AuNRs, some of the most important methods for 
modifying their surfaces are described. These include the synthesis of silica shells on AuNRs, the 
exchange of ligands on their surface using thiols, and the use of positively and negatively 
charged polyelectrolytes to build up polymer coatings using layer-by-layer techniques. Finally, 
progress towards anisotropic surface modification is discussed. 
 Chapter 2 focuses on nanorod matryoshkas—nanoparticles named for the Russian nested 
dolls—that consist of a AuNR core with a silica layer in the middle and an outer gold shell. 
Discrete dipole approximation (DDA) calculations on nanorod matryoshkas reveal that the 
magnitude of plasmonic enhancement near the gold nanorod surface and the location of 
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enhancement (that is, at the sides or at the ends of the AuNRs) depend on the geometry of the 
nanorod matryoshka. Efforts toward the synthesis of gold nanorod matryoshkas are also 
described. 
 One of the major goals in AuNR surface modification has been the achievement of 
anisotropic surface functionalization. Some of the most enticing results in the field involve 
blocking the ends of AuNRs with poly(ethylene glycol) methyl ether thiol (PEG-SH) so that the 
sides can be selectively coated in silica, but those reports have suffered from a lack of 
reproducibility. In Chapter 3, it is demonstrated that only PEG-disulfide—not PEG-thiol—can be 
used to block the ends. It is also shown that silica can be made to grow on only the ends of 
AuNRs using similar conditions to those previously reported for isotropic silica shells but by 
reducing the amount of silica precursor added. These results indicate that silica shell growth 
begins at the ends of AuNRs. 
 Layer-by-layer techniques for coating AuNRs are extended to allow for the layer-by-
layer synthesis of conformal metal-organic framework (MOF) shells in Chapter 4. MOFs are 
composed of metal-containing hubs connected by organic linkers and they are unique because of 
their highly porous structures. Hybrid materials of MOFs with plasmonic materials like AuNRs 
may be useful for applications such as sensing or catalysis. Shells of the MOF HKUST-1 were  
deposited on AuNRs by alternating additions of copper (II) acetate and tetramethylammonium 
(1,3,5)-benzenetricarboxylate. It is shown that the initial surface chemistry of the AuNRs is 
crucial for the synthesis of conformal MOF shells. It is also demonstrated that using the 
tetramethylammonium salt of the organic linker can improve the colloidal stability of MOFs 
during layer-by-layer synthesis, minimizing aggregation of MOF coated AuNRs. 
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 In the final chapter, spray coating of ultrasonically nebulized dispersions of nanoparticles 
is introduced as an alternative method for transmission electron microscopy (TEM) sample 
preparation. TEM and related techniques are increasingly important tools for studying the 
structure, morphology, and chemistry of nanoparticles. Traditional methods of TEM sample 
preparation like drop-casting often introduce drying artifacts that can complicate the 
interpretation of observations made using TEM. For fragile support materials like graphene—
which is very useful for quantitatively studying low atomic number materials like the ligands on 
nanoparticles—that are likely to rupture when samples are prepared with drop-casting, spray 
coating is a much gentler alternative. Additionally, because ultrasonic nebulization results in 
droplets of uniform size, the number of nanoparticles deposited together in clusters depends on 
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CHAPTER 1: AN INTRODUCTION TO GOLD NANORODS1 
 
1.1 Properties of Gold Nanorods 
 In the classic James Bond film Goldfinger, the titular villain lists for Bond a few things to 
love about gold including “its color, its brilliance, and its divine heaviness.” If Auric Goldfinger 
had been more familiar with the element’s extraordinary size-dependent properties, he probably 
would have listed those as well. Since antiquity, gold nanoparticles have been used to impart 
brilliant colors to stained glass. The Lycurgus Cup, a Roman artifact crafted ca. 400 A.D., is an 
early and famous example of the use of colloidal gold nanoparticles (Figure 1.1a). Although the 
Lycurgus Cup contains less than 1% gold, the intense optical properties of the nanoparticles 
cause the glass to be dichroic—the cup appears green when light is reflected off it or ruby red 
when it is illuminated from the inside—an effect that must surely have been as mystifying as it 
was gorgeous to the Ancient Romans.1 Throughout the middle ages gold nanoparticles continued 
to be used to impart color to stained glass windows and porcelain.2 The ruby red colors from 
gold nanoparticles can still be seen today in some of the most beautiful stained glass windows 
such as those in the Sainte Chapelle Cathedral (Figure 1.1b).1 Michael Faraday was the first to 
study the origin of those colors scientifically and to determine that their cause was “fine 
particles” of metallic gold.3,4 His gold sols can still be seen at the Faraday Museum in London. 
As you will see, gold nanoparticles can be produced today in a rainbow of different colors 
(Figure 1.1c) 
                                                
1 Adapted and reprinted with permission from (1) Hinman, J. G.; Stork, A. J.; Varnell, J. A.; 
Gewirth, A. A.; Murphy, C. J. Seed mediated growth of gold nanrods: towards nanorod 
matryoshkas. Faraday Discuss. 2016, 191, 9-33. Copyright 2016 The Royal Society of 
Chemistry. (2) Burrows, N. D; Lin, W.; Hinman, J. G.; Dennison, J. M.; Vartanian, A. M.; 
Abadeer, N. S.; Grzincic, E. M.; Jacob, L. M.; Li, J.; Murphy, C. J. Surface Chemistry of Gold 




 The colors of colloidal gold nanoparticles are caused by a phenomenon called a localized 
surface plasmon resonance (LSPR), which is the coherent oscillation of free electrons in the 
nanoparticles with the electric field of the light incident upon them (depicted in Figure 1.2). In 
1908, Gustav Mie solved Maxwell’s equations for a homogeneous sphere in order to formally 
describe the colors of colloidal gold nanoparticles.5 Because gold nanoparticles are often much 
smaller than the wavelength of light, the solution can be further simplified by treating the gold 
nanosphere as a dipole in a uniform electric field and applying an electrostatic approximation.6-9 
The extinction cross-section Cext of a spherical nanoparticle depends on its size a, its complex 
dielectric function where εr is the real part and εi the imaginary, and the dielectric function of the 
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Using Equation 1.1, an extinction spectrum for a spherical nanoparticle can be calculated. For 
spherical nanoparticles, the factor χ is 2. For elongated nanoparticles with a spheroidal or 
ellipsoidal shape, the value of χ is dependent on their shape.6-8  
 While the optical properties of spherical gold nanoparticles are determined by a single 
LSPR, the anisotropy of gold nanorods causes them to exhibit two LSPRs, one corresponding to 
the transverse axis of the nanorod and the other to the longitudinal axis. To a good first 
approximation, a gold nanorod can be thought to be spheroidal. For spheroidal nanoparticles, the 




axis. As demonstrated in Figure 1.3, the longitudinal LSPR can be tuned throughout the visible 
region of the spectrum and into the near-infrared by changing the aspect ratio—the ratio of 
length to diameter—of the nanorod,10 with greater aspect ratios causing the longitudinal LSPR to 
shift to longer wavelengths. Perhaps the most interesting and useful consequence of the LSPR is 
that electromagnetic fields close to the nanoparticle surface are greatly enhanced relative to the 
incident radiation. The strong local fields at the metal surface (Figure 1.4) have been used to 
enhance molecular optical processes such as fluorescence,11 Raman scattering,12 and nonlinear 
absorption.13 The size- and shape-dependent optical properties of gold nanorods have lent their 
use in a number of applications including imaging,14 biomolecular sensing,15 photothermal 
therapy,16 and drug delivery17 in biological systems. Some nonbiological applications include 
catalysis,18 sensing,19 and optical limiting20 as well as components in devices such as LEDs21 and 
solar cells.22  
 
1.2 Synthesis of Gold Nanorods 
Seed-mediated growth is one of the most important methods of shape-directed 
nanoparticle synthesis and it is the principle method used to produce gold nanorods. In the seed-
mediated growth strategy, the nucleation of particles and the growth of particles are separated in 
time and space.24,25 Preformed seeds are added to a growth solution containing ligands and 
chemical precursors that are precipitated onto the seeds during nanoparticle growth. The seeds 
may be the same material as the growth material, but they do not necessarily have to be.26 
Although this dissertation focuses on gold nanorods, the seed-mediated method has proven 
useful for the synthesis of anisotropic nanoparticles of a wide variety of materials including 




for the anisotropic growth of semiconductor nanoparticles.26,32 Skrabalak et al. have shown that 
the use of seed-mediated syntheses can be coupled with co-reduction to lead to the growth of 
multimetallic nanoparticles.33,34 Because anisotropic particles have greater surface area than their 
isotropic counterparts, they are typically less thermodynamically stable and therefore the 
formation of anisotropic nanoparticles is usually governed by growth kinetics.35,36 The advantage 
of using seed-mediated growth for anisotropic nanoparticle synthesis is that the separation of the 
nucleation and growth stages allows greater control over the kinetics of nanoparticle growth and 
particle morphology.25 One possible mechanism behind the kinetic control of anisotropic 
nanocrystal growth is the selective adsorption of ligands and capping agents to specific crystal 
faces of the growing nanoparticle. If ligands bind more strongly to certain crystal faces, then 
those faces will be stabilized relative to the others and will consequently experience slower 
growth.35 It has also been suggested that the mechanism of anisotropic growth of nanocrystals 
could occur as a result of the high chemical potential of precursors, which can lead to different 
rates of growth at crystal faces with different energies.37 
We first reported a three-step seed-mediated synthesis of gold nanorods with aspect ratios 
>10.38-40 In our synthesis, shown schematically in Figure 1.5a, 3.5 nm citrate-capped gold seeds 
are added to a growth solution containing chloroauric acid (HAuCl4), cetyltrimethylammonium 
bromide (CTAB), and the weak reducing agent ascorbic acid. After allowing some time for 
growth, an aliquot of nanoparticles from the first solution is removed and used as seeds in a 
second growth solution; after more time this is repeated as nanoparticles from the second growth 
solution are used to seed a third growth solution. Continued work on the synthesis of gold 
nanorods led to the silver-assisted seed-mediated synthesis of single crystalline gold nanorods, 




seeds along with the addition of small amounts of silver nitrate to the growth solution, which 
allows precise control over the aspect ratio and results in high shape yield.41,42 TEM images 
comparing the gold nanorods resulting from the silver-assisted and three-step syntheses are 
shown in Figure 1.5c and d. Most studies involving gold nanorods have since used the silver-
assisted seed-mediated synthesis or its variations to prepare gold nanorods, highlighting the 
importance of the method.24 The synthesis has been studied extensively and it has been shown 
that the anisotropic growth of the of the nanorods can be influenced by a number of factors 
including organic additives,43 the concentration of surfactants and cosurfactants,44 the halide 
counterion,45 and reducing agents.46 Recent advances in AuNR synthesis have led to even greater 
control over the dimensions of the resulting AuNRs. Our group has demonstrated addition of 
hydrochloric acid can facilitate the synthesis of “mini” AuNRs with aspect ratios ranging from 2 
to 11 but with diameters below 10 nm,47 while Murray and coworkers have shown that the 
addition of sodium oleate can lead to AuNRs with diameters of 75 nm or more.44 
 
1.3 Surface Modification of Gold Nanorods 
Controlling the surface chemistry of nanoparticles is critical in order to use them in 
different systems and for various applications. The use of gold nanoparticles in biological 
systems provides an especially poignant example, where their surface chemistry has been shown 
to effect cytotoxicity,48 cell behavior,49 and gene expression.50 Many strategies have been 
reported for modifying the surface of gold nanorods. Ligand exchange can be done to replace the 
CTAB on the surface of gold nanorods with organic ligands, often thiols, which can possess 
different functional groups.51 For nanoparticles that have a surface charge, electrostatic 




between the additions of positively and negatively charged polyelectrolytes, many layers can be 
wrapped around nanoparticles, which makes then useful to control the distance between 
molecules and the nanoparticle surface.13 The surface chemistry can also be modified by forming 
shells on nanoparticles. On gold nanorods alone, the synthesis of a wide range of different kinds 
of shells has been reported, including metals,53 nanocrystals for upconversion,54 and even metal-
organic frameworks.55  
 
1.3.1 Silica Coating 
Two decades ago, Liz-Marzán and coworkers reported the synthesis of silica shells on 
gold nanoparticles.56 In their synthesis, they made the gold nanoparticle surface vitreophilic 
using (3-aminopropyl)trimethoxysilane, and formed the silica shell by the addition of sodium 
silicate. We showed silica shells could similarly be formed on CTAB-capped gold nanorods by 
modifying the nanorod surface with (3-mercaptopropyl)trimethoxysilane after excess CTAB is 
removed.57 It was later demonstrated that it was not necessary to make the gold nanorod surface 
vitreophilic with functionalized silanes as the CTAB itself can act to template the growth of a 
mesoporous silica shell.11,58,59  
There have been several reports on the synthesis and application of gold nanorods coated 
with mesoporous silica.11,56,59 Silica coating can improve the colloidal and thermal stability of 
gold nanorods in organic solvents while preserving their unique optical properties.11 The 
presence of reactive silanol groups on a silica surface is very useful for additional surface 
modification of gold nanorods with molecules such as biocompatible polymer poly(ethylene 
glycol), the loading of chemotherapeutic drugs, or the attachment of targeting ligands for 




dependent molecular responses in fluorescence emission or Raman intensity near a plasmonic 
surface.11,62 Therefore, the achievement of robust and reproducible growth of silica shells on 
gold nanorods is a key one for future applications.  
Mesoporous silica nanoparticles contain hexagonally ordered pores with uniform sizes, 
and the pores are typically 0.5−3 nm in diameter.63 The Stöber process is the basis for the 
mesoporous silica coating on inorganic nanoparticles. Stöber was able to achieve controlled 
synthesis of silica spheres 0.05−2 µm in diameter through the hydrolysis and condensation of 
tetraalkyl silicates at pH 11−12 (eqs 1.2 and 1.3).64,65 Mesoporous silica is synthesized by 
reproducing the Stöber method in the presence of a surfactant, such as CTAB, which forms a 
template of ordered micelles.66 Nooney et al. proposed that mesoporous silica formation on gold 
nanoparticles occurs in three stages: (1) hydrolysis and condensation resulting in the formation 
of silica oligomers, (2) formation of primary silica/CTAB particles, and (3) deposition of the 
primary particles on silica or CTAB.58 Therefore, parameters such as the CTAB concentration, 
pH, and reaction temperature can be modified to control the mesopore structure and size of 
nanoparticles formed.66  
 
 Si(OC2H5)4 + 4H2O → Si(OH)4 + 4C2H5OH  (1.2) 
 
 Si(OH)4 → SiO2 + 2H2O  (1.3) 
 
Gorelikov et al. adapted the Stöber procedure and were among the first to directly coat 
mesoporous silica onto aspect ratio 1−5 CTAB gold nanorods.59 In their procedure, NaOH is 




tetraethyl orthosilicate (TEOS) that polymerizes to form silica in a base-catalyzed reaction. With 
this simple method, they produced 15-nm-thick silica shells. Furthermore, 60-nm-thick 
nonporous silica shells were prepared by injecting additional TEOS into the reaction solution 
after the initial coating.59 
The controlled growth of mesoporous silica on gold is a complicated process because the 
silica shell morphology is dictated by the surfactant template and the CTAB/silica ratio. As a 
quaternary ammonium surfactant, CTAB exhibits concentration-dependent micelle behavior.67 
Our group has demonstrated that one of the most important parameters in mesoporous silica shell 
formation on gold nanorods is the external CTAB concentration.11 As-synthesized gold nanorods 
are typically prepared in 0.1 M CTAB, but after purification via centrifugation and resuspension 
in water, the concentration of CTAB can vary. The critical micelle concentration (CMC) of 
CTAB is ∼1 mM in pure water, 2 orders of magnitude lower in concentration than the original 
synthesis conditions.68 In our preparation, we carefully control the CTAB concentration during 
silica coating. The CTAB concentration is reduced via additional centrifugation and removal of 
the supernatant solution above the gold nanorod pellet. We estimate that this reduces the CTAB 
concentration to <0.01 mM, and then a known amount of CTAB is added to adjust the 
concentration to 0.4−1.2 mM. Subsequent adjustment of the pH and addition of TEOS resulted in 
the formation of mesoporous silica shells between 11 and 26 nm thick, depending on the external 
CTAB concentration present (Figure 1.6). By adjusting the CTAB concentration closer to the 
CMC (0.4−1.2 mM), we find that it is possible to form mesoporous silica shells on gold 
nanorods. We propose that at lower CTAB concentrations the majority of CTAB is on the 
surface of the gold nanorods, resulting in the formation of thicker silica shells.11 When the 




thinner silica shells on the gold nanorods. When the concentration of CTAB is much higher than 
the CMC, silica forms only around free CTAB micelles and not the gold nanorods. Therefore, 
control of silica shell thickness is achieved by controlling the CTAB concentration.11  
Other researchers have altered the morphology of mesoporous silica on gold nanorods 
using different methods. For example, Cong et al. controlled the shell thickness from 60−150 nm 
by varying the TEOS concentration during coating.69 Wu et al. added PEG-silane at various time 
points after the TEOS addition, which terminated silica growth. With this method, they 
controlled the shell thickness to between 2 and 9 nm. The same group also demonstrated control 
between 3 and 17 nm by adjusting the TEOS concentration.61 Liu et al. used chiral anionic 
surfactants (N-palmitoyl-L,D-phenylalanine) with co-structure directing agent N-
((trimethoxysilyl)propyl)-N,N,N-trimethylammonium chloride instead of CTAB. This produced 
chiral porous shells 9−45 nm thick that preferentially adsorbed chiral cysteine molecules of a 
matching chirality, where chirality was confirmed using circular dichroism and pore selectivity 
was confirmed via new vibrational bands.70  
In addition to the shell thickness, it may also be possible to adjust the reaction parameters 
to control the mesopore structure in mesoporous silica-coated gold nanorods.66 The porosity of 
mesoporous silica is dependent on a variety of factors, and there are a few examples of pore 
characterization on mesoporous silica-coated gold nanorods in the literature.59,70-73 The silica 
surface area, pore volume, and pore diameter appear to vary among the different nanoparticle 
systems. However, because the nanorod dimensions and silica shell thicknesses vary, it is 
difficult to ascertain which synthesis parameters are the most critical to mesopore morphology. 




morphology and thickness of mesoporous silica that can be formed on gold nanorods. This is 
especially useful when considering applications of silica-coated gold nanorods.  
 
1.3.2 Thiol Modification 
Ligand exchange, depicted schematically in Figure 1.7, is one of the most versatile 
methods used to tailor the surface chemistry of GNRs. Due to the cytotoxicity of the CTAB used 
to synthesize GNRs74 ligand exchange is often very important when GNRs are used for 
biological applications. For an in-depth discussion of ligand exchange on gold nanorods, we 
refer the reader to the progress report by Indrasekara et al.51 Although any ligand capable of 
displacing CTAB can be used for ligand exchange, alkanethiols are some of the most commonly 
used molecules for ligand exchange on gold nanoparticles. Many factors affect ligand exchange 
and contribute to the characteristics of the resulting mixture of ligands on the nanoparticle 
including ligand−surface interactions, ligand−ligand interactions, ligand−solvent interactions, 
and particle morphology,51,75,76 but the relatively strong gold−thiolate bond (∼44 kcal/mol)77 
makes alkanethiols particularly useful for ligand exchanges. Gold−alkanethiolate self-assembled 
monolayers (SAMs) have been extensively studied on flat gold surfaces. On gold {111} surfaces, 
alkanethiolate SAMs chemisorb with a (√3 × √3)R30° arrangement and a 28° cant angle.78 It is 
more difficult to directly measure the structure of alkanethiolate SAMs on gold nanoparticle 
surfaces, but the high curvature of gold nanoparticle surfaces likely allows greater flexibility at 
the distal ends of the alkanethiolate molecules. Experimental measurements indicate that the 
density of alkanethiolate molecules is greater on nanoparticles than on flat surfaces,79 and 
simulations suggest that the organization of SAMs on nanoparticle surfaces is dependent on 




using myriad chemistries such that a host of biomolecules, dyes, reporters, and other molecules 
can be conjugated to gold nanorod surfaces through ligand exchange.81 The range of surface 
chemistries that can impart functionality to gold nanorods and stabilize them in many different 
solvents and systems made available via thiolate ligand exchange contributes to the tractability 
of nanorods for many different applications.  
The hydrophobic nature of many alkanethiols can present some challenges for 
performing successful ligand exchanges. The direct replacement of CTAB on GNRs by thiolated 
ligands can often lead to the aggregation of the GNRs. As discussed by Indrasekara et al., 
different strategies of ligand exchange such as one-pot ligand exchange, phase transfer, and 
solid-phase ligand exchange have been developed to address the unique problems associated 
with the exchange of certain ligands for different applications.51 An effective method that has 
proven useful in our laboratory to address some of the challenges of functionalizing GNRs with 
thiols involves the functionalization of CTAB-capped GNRs by poly(ethylene glycol) methyl 
ether thiol (PEG-SH) with a molecular weight of 1−10 kDa, phase transfer of the PEGylated 
GNRs to a suitable solvent, and finally ligand exchange of the PEG-SH for the desired small 
molecule thiol.82 For the functionalization of GNRs by PEG-SH, excess CTAB is removed (often 
by centrifugation), and then PEG-SH is added to the GNRs in aqueous solution and given time to 
attach to the GNR surface.83 The PEG-SH-functionalized GNRs can then be resuspended in 
organic solvent after centrifugation. The phase transfer of PEG-SH-functionalized GNRs from an 
aqueous phase to an immiscible organic phase may also be accomplished by the mechanical 
force of centrifugation,84 or centrifugation may be avoided entirely through the use of a common 
solvent that is miscible in both aqueous and organic phases.85 Although small-molecule thiols 




phase, it can be difficult to achieve without aggregation. Because the exchange of CTAB for 
PEG-SH can be done in the aqueous phase, it is often easier to use PEG-SH-functionalized 
nanorods for phase transfer without inducing aggregation.  
Once the GNRs are in the organic phase, PEG-SH can then be exchanged for the 
thiolated ligand of choice. The dynamics of place exchange of thiolate ligands on gold 
nanoparticle surfaces with thiols in solution have been studied extensively and used to prepare 
complex, mixed ligand shells as well as for complete ligand exchange.86 In a 1H NMR study of 
the exchange of PEG-SH and small carboxy-and amine-terminated alkanethiols on GNRs, Smith 
and co-workers found that the exchange of PEG-SH for the small-molecule thiols was nearly 
complete but that the small-molecule thiols demonstrated very little exchange with other 
ligands.75 They suggest that the PEG-SH molecules, because of their size and inter- and intra- 
molecular interactions, form a less dense layer on the GNR surface. This leaves space for smaller 
thiolated ligands to bind to the GNR and form dense SAMs that displace PEG-SH, and GNR 
surfaces that are already functionalized with small thiolated ligands are not as readily accessible 
for ligand exchange on the gold surface.75 Furthermore, the work of Smith et al. also 
demonstrates that the addition of new ligands does not always result in ligand exchange but that 
it is also possible for new ligands to “backfill” instead, leading to mixed-ligand systems.75 
Although mixed-ligand systems are well known to occur for SAMs of alkanethiolates on gold, it 
does highlight the importance of robust characterization methods when ligand-exchange methods 
are used in the synthesis of nanostructures from gold nanoparticles. Similarly, the complete 
removal of CTAB via ligand exchange is often difficult to achieve as a result of the relatively 
strong chemisorption of CTAB to the surface of GNRs. This is especially true for the aqueous 




measurements were used to show that after PEG-functionalization in aqueous solution the CTAB 
bilayer is still largely intact, and mass spectrometry confirmed the presence of CTAB.87 Still, 
some ligand-exchange protocols have been shown to remove CTAB below the limits of detection 
of NMR and XPS.51 Improved methods of characterization will better facilitate the quantification 
of residual CTAB, which will be necessary for developing better procedures for more thorough 
CTAB removal.  
 
1.3.3 Polyelectrolyte Coating 
One straightforward approach to modifying the surface employs the large positive charge 
of the CTAB bilayer by depositing charged polyelectrolytes (PE) on the GNR surface. By 
alternatively adding PEs of opposite charge (e.g., negatively charged poly(sodium-4-
styrenesulfonate) (PSS) and positively charged poly(diallyldimethylammonium chloride) 
(PDADMAC) (Figure 1.8)), a layer-by-layer (LbL) assembly of PEs can be built to achieve 
polymer multilayers on the GNR surface.52 Successful LbL assembly of PEs on gold nanorods is 
dependent on a balance between the ionic strength and the polymer molecular weight. This is to 
screen intra- and intermolecular electrostatic repulsions so that the polyelectrolytes are in a 
flexible, extended conformation for wrapping without causing flocculation due to insufficient 
electrostatic repulsion, lack of coating due to polymer rigidity, and multimer formation through 
polymer bridging between nanorods. Another key factor is sufficient time for the large polymer 
macromolecules to diffuse and wrap the gold nanorods; in other words, the coating process can 
be slow.  
One advantage of the LbL coating method, besides the simple procedure, is that the 




PSS, PDADMAC, and poly(allylamine hydrochloride) (PAH) to synthesize four different PE-
coated GNRs with different charge, number of layers, and composition to test their effect on 
GNR cellular uptake, toxicity, and gene expression.89 The tunable uptake and toxicity of PE-
wrapped GNRs shows the advantage of this method in fine-tuning GNR properties for potential 
biomedical applications. Poly(acrylic acid) (PAA) and PAH-coated GNRs of varying aspect 
ratios have also been prepared for a cellular uptake study, and it was found that the toxicity of 
GNRs was significantly reduced after PE coating as a result of the covering up of CTAB.74 It has 
also been demonstrated that LbL PE-coated GNRs strongly adsorb proteins and thus can 
influence cell function.50,90  
Layer-by-layer polyelectrolyte GNR surface functionalization allows for straightforward 
loading of molecules on or within the PE multilayers based on electrostatic interactions. Ni et al. 
applied this method to load a positively charged dye on PSS-coated GNRs.91 Gandra et al. 
applied PEs as dielectric spacers on immobilized GNRs and probed distance-dependent plasmon-
enhanced fluorescence with a fluorophore adsorbed on the outer PAH layer.92 Similar small-
molecule loadings have also been done with organic chromophores to study the GNR surface 
plasmon enhancement of the molecule’s two photon absorption cross section13 and SERS probes 
for the observation of molecular diffusion within the PE layers.93 It has been shown that 
molecules electrostatically loaded within the multilayers can be released through a photothermal 
mechanism for a controllable release based on the number of PE layers.94 Macromolecules such 
as antibodies have also been electrostatically attached to PEs95 or covalently attached to the 






1.3.4 Anisotropic Surface Chemistry 
Shape anisotropy on the nanoscale, such as that exhibited by gold nanorods, often has 
profound effects not only on the optical properties of nanomaterials but on their chemical 
properties as well. The anisotropy of gold nanorods allows for unique possibilities for ligand 
exchange. Compared to the sides of GNRs, the different crystal faces and the increased curvature 
on the ends of GNRs presents the opportunity to perform ligand exchange selectively on the 
ends. A number of studies have inferred selective functionalization of the ends of nanorods via 
thiol and disulfide ligand exchange.98 In 2003, our group demonstrated that biotin-disulfide 
functionalized gold nanorods preferentially assembled in an end-to-end fashion in the presence 
of streptavidin, a result that indicated the ends of the nanorods were selectively functionalized. 
This result caused us to suggest that CTAB may be more easily exchanged on the ends than on 
the side.99 Factors contributing to the allegedly greater lability of the CTAB bilayer at the ends of 
gold nanorods compared to that on the sides that allow ligand exchange selectively at the ends 
may include differences in the packing CTAB at different crystal faces100 and the effects of 
increased curvature at the ends.101,102  
Most of the evidence for end functionalization is indirect, verified mainly by TEM 
analysis showing the self-assembly of nanorods in an end-to-end configuration. This has perhaps 
been most extensively demonstrated by they work of Kumacheva et al. In their work, they take 
advantage of the alleged paucity of CTAB on the ends of AuNRs to selectively functionalize the 
ends with thiol-terminated polymers, causing end-to-end assembly when the nanorods are dried 
for TEM analysis.98,103,104 This works because sample drying effects in non-end-to-end-
functionalized GNRs produce a random mixture of GNRs with both end-to-end and side-by-side 




interaction in the side-by-side configuration105 that end-to-end ligand linking between GNRs 
sterically prevents. In the past five years, significant progress has been made towards being able 
to directly demonstrate anisotropic functionalization. In 2013, Wang and co-workers reported 
site-selective side and end mesoporous silica coatings of gold nanorods.101 In their procedure, 
CTAB and TEOS are carefully controlled to allow the preferential deposition of silica on the 
nanorod ends. The addition of a PEG-thiol to selectively functionalize the nanorod ends allowed 
for the formation of side silica-coated nanorods.101 We have shown that, in fact, the oxidation 
state of the thiol-terminated PEG is important for its ability to selectively functionalize the ends 
of AuNRs and that it is the disulfide—not the thiol—that is necessary for anisotropic 
functionalization.106  
There are a great deal many more methods used to control the surface chemistry of gold 
nanorods than those listed in this chapter. The field is constantly and rapidly progressing. As 
analytical techniques improve, such as new and innovative techniques to study the distribution of 
ligands on the surface   
 
1.4 Dissertation Overview 
 The overarching theme connecting the work in this thesis is a focus on the surface 
chemistry of gold nanorods. The work presented here explores the effects that changing the 
surface has on the properties of gold nanorods, how their anisotropy affects their surface 
chemistry, novel methods to modify the surfaces of gold nanorods with an emphasis on 
controlling the morphology of surface coatings.  
 In Chapter 2, calculations using the discrete dipole approximation are presented for 




silica shell and a gold shell. Compared to their spherically shaped counterparts, the anisotropic 
shape of nanorod matyroshkas presents an opportunity to be able to control the location of 
electric field enhancement in the silica layer near the surface of the gold nanorod cores. Progress 
towards the synthesis of gold nanorod matryoshkas is also shown. 
 Chapter 3 demonstrates anisotropic silica coating of gold nanorods, building on 
previously published work in the area but showing that for side silica coating the oxidation state 
of the thiolated PEG, polymer used to block the ends is crucial for success. It is revealed that 
only the PEG-disulfide is effective for selectively blocking the ends of gold nanorods. End silica 
coating is also discussed and it is shown that by adding a less concentrated silica precursor 
solution than is used for isotropic silica coating it is possible to deposit silica only on the ends of 
gold nanorods.  
 A layer-by-layer technique for synthesizing conformal metal-organic framework (MOF) 
shells on gold nanorods is described in Chapter 4. This work improves upon previously reported 
methods for the layer-by-layer deposition of MOFs on nanoparticles by allowing better control 
over the shell morphology. It is shown that successful, uniform layer-by-layer MOF shell 
synthesis depends on functionalizing the gold nanorod surface with ligands to which the MOF 
precursors will strongly adsorb and that controlling the surface charge during the synthesis is 
critical to prevent aggregation. 
 In Chapter 5, a method for TEM sample preparation using ultrasonic nebulization is 
described. The technique is especially useful for depositing nanoparticle samples onto fragile 
supports, such as graphene, as well as for evenly dispersing nanoparticles on the grid that may 




concentration that takes advantage of the fact that droplet size is well defined for ultrasonic 






Figure 1.1. Examples of gold nanoparticles used in art throughout history. In (a) the Lycurgus 
Cup is shown, a Roman artifact ca. 400 AD. Gold nanoparticles in the glass of the cup cause it to 
appear green when light is shown on its surface and red when it is illuminated from within. Some 
of the stained glass windows in the medieval Sainte Chapelle cathedral in Paris are shown in (b). 
Gold nanoparticles were used to imbue glass and porcelain with a brilliant ruby red color 
throughout the middle ages. Today, by controlling their shape, gold nanoparticles can be 
synthesized for almost any color (c). Photographs by (a) John Byrne (2010), (b) Didier B. 





Figure 1.2. Schematic representations of localized surface plasmon resonance in (a) a gold 
nanosphere and (b) a gold nanorod. While a gold nanosphere supports only a single LSPR, a gold 






Figure 1.3. (a) Normalized extinction spectra for gold nanorods with different aspect ratios. The 
black, red, blue, magenta, and green spectra were taken for gold nanorods with aspect ratios 2.4, 
2.7, 3.6, 4.4, and 6.1, respectively, with corresponding TEM images in (b) through (f). Scale bars 







Figure 1.4. Electric field maps calculated using the discrete dipole approximation for (a) the 
transverse and (b) the longitudinal LSPRs of a gold nanorod. The colors correspond to the 
electric field enhancement relative to the incident electric field, |E|/|E0|. Reproduced with 






Figure 1.5. Schematic representations of the (a) three-step seed-mediated synthesis of long gold 
nanorods and the (b) silver-assisted seed-mediated synthesis of short gold nanorods. TEM 
images of short and long gold nanorods are shown in (c) and (d) respectively. Scale bars are 200 








Figure 1.6. Transmission electron microscopy images of aspect ratio 2.7 mesoporous silica-
coated gold nanorods with shells 11, 14, 17, 22 and 26 nm thick from left to right. Scale bars 







Figure 1.7. A schematic representation of ligand exchange of CTAB for PEG-SH followed by 
the place exchange of PEG-SH for an alkanethiol. The reaction for the place exchange is also 
shown. Replacing CTAB with PEG-SH provides a facile means of transferring the GNRs into an 
organic phase to functionalize the surface with RSH without causing particle aggregation. 
Figures are not drawn to scale. Reproduced with permission from reference 88. Copyright 2016 






Figure 1.8. A) Schematic diagram illustrating the Layer-by-Layer (LbL) coating process of gold 
nanorods. B) Visible spectra of gold nanorods as a function of polymer coatings: 1. Uncoated as-
prepared GNR, 2. One polymer layer (PSS), 3. Two polymer layers (PSS + PDADMAC), 4. 
Three polymer layers (PSS + PDADMAC + PSS), 5. Four polymer layers (PSS + PDADMAC + 
PSS + PDADMAC). Curves are offset for clarity. C) Zeta potential data for gold nanorods as a 
function of polymer coatings. Common D) anionic (blue) and E) cationic (red) polyelectrolytes 
used for layer-by-layer assembly to achieve gold nanorod functionalization at pH 7. Panels A-C 
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CHAPTER 2: GOLD NANOROD MATRYOSHKAS2 
 
2.1 Abstract 
Experiments in which nanorod core-shell-shell particles are grown are presented.  These 
“nanomatroyskas” consist of a gold nanorod core, a silica shell, and a final gold shell.  
Calculation of the near-field properties of these structures using the discrete dipole 
approximation uncovers the change in location of local electric fields upon gold outer shell 
growth.  Electrochemical experiments of the weak reducing agents used to grow the gold 
nanorod cores suggest that a correlation between the strength of the reducing agent and its ability 
to promote longer nanorod growth.  The final nanostructures do not exhibit a smooth outer shell, 
unlike their spherical counterparts. 
 
2.2 Introduction 
Recently, it has been demonstrated that plasmonic nanoparticles consisting of alternating 
metallic and dielectric layers—called nanomatryoshkas by Halas et al.1 after the Russian nested 
dolls—can be used to enhance molecular optical processes such as fluorescence2 and Raman 
scattering3,4, and potentially for photothermal therapy.3,5 The ability of nanomatryoshkas to 
enhance optical phenomena is due to electromagnetic enhancement that occurs in between the 
metallic layers. Theoretical calculations show that for nanomatryoshkas with multiple metallic 
layers, the nanomatryoshka acts like an optical condenser and the local electromagnetic field in 
the centermost dielectric layer can be enhanced multiplicatively with the number of layers in a 
                                                
2 Adapted and reprinted with permission from Hinman, J. G.; Stork, A. J.; Varnell, J. A.; 
Gewirth, A. A.; Murphy, C. J. Seed mediated growth of gold nanrods: towards nanorod 




nanomatryoshka.6,7 The magnitude of near-field enhancement in a nanomatryoshka also depends 
on the geometry of the nanomatryoshka—i.e. the size of the core and the thickness of the 
metallic and dielectric layers6— and Kodali, et al. have developed computational methods to 
optimize the geometry of multilayered plasmonic particles to control the enhancement.8 
Additionally, by changing the geometry of nanomatryoshkas the wavelength of the plasmon can 
be tuned throughout the visible spectrum and into the near IR so that nanomatryoshkas can be 
tailored specifically for a variety of applications.6,7 Because of the emergent properties that often 
result from anisotropy on the nanoscale, we became interested in the possible effects that shape 
anisotropy would have on multilayered plasmonic nanoparticles, such as the nanorod matryoshka 
depicted in Figure 2.1. 
Halas et al., who were the first to publish the preparation of gold nanoshells, were also 
the first to report the synthesis of multilayered plasmonic nanstructures.9 Later work by Xia et 
al.10 and Halas et al.7 resulted in gold@silica@gold nanomatryoshkas in the nanoscale size 
regime. In most syntheses of nanomatryoshkas, a seed-mediated growth method is used to 
prepare the gold shell on silica that has been surface functionalized with (3-
aminopropyl)trimethoxysilane (APTMS).11 It is a multistep synthesis that requires several days 
for the aging of the gold seeds11,12 and up to four more days for the attachment of the gold seeds 
to the APTMS-functionalized silica surface2 in addition to difficulties in control over 
morphology and reproducibility, and colloidal stability,3,13,14 especially for particles with smaller 
diameters.15  
To date, the study of nanomatryoshkas has focused almost exclusively on spherical 
particles.  Most of the experimental and computational work so far has been for 
nanomatryoshkas consisting of gold nanospheres with isotropic silica and gold shells. A notable 
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exception is the work of Cong, et al. in which nanomatryoshkas were prepared from gold 
nanorod cores. Although the silica shells were quite thick in their nanorod matryoshkas and 
therefore rather spherically shaped, Cong et al. observed that for thinner silica shells the plasmon 
became less like that of the nanorod core but instead showed increasing plasmonic interaction 
between the core and the shell.16 Since then, it has been shown that silica coating on CTAB-
capped gold nanorods can be controlled for shells as thin as 11 nm,17 making it possible to 
prepare nanorod matryoshkas, from silica coated-gold nanorods. 
In this paper, we analyze the near-field properties of anisotropic nanomatryoshkas using the 
discrete dipole approximation (DDA). We show that, like nanorods, there are plasmon modes 
along the longitudinal and transverse directions of the nanorod matryoshkas but that, unlike 
nanorods, there is significant near-field enhancement along the sides of the nanorod core for the 
transverse mode, although the LSPRs are dependent on the configuration of the nanorod 
matryoshka. We also present our progress towards the synthesis of nanorod matryoshkas using 
methods adapted from the synthesis of nanomatryoshkas.2  
 
2.3 Experimental 
The procedure used to synthesize gold nanorod matryoshkas was adapted from 
previously reported syntheses for nanomatryoshkas.2 The process to make nanorod matryoshka 
can be broken into four steps as shown in Figure 2.2: (i) synthesizing the gold nanorods for the 
cores of the nanorod matryoshkas, (ii) coating the nanorods with a silica shell functionalized 
with APTMS, (iii) attaching small gold seeds to the silica shell to make “seeded precursors,” and 
finally (iv) the seed-mediated growth of a gold shell onto the silica-coated nanorod to complete 




 Cetyltrimethylammonium bromide (CTAB, 99%) was purchased from Sigma. Hydrogen 
tetrachloroaurate (HAuCl4 • 3H2O, 99.9%), tetraethyl orthosilicate (TEOS, 99.0%), (3-
aminopropyl)trimethoxysilane (APTMS, 97%), and tetrakis(hydroxymethyl)phosphonium 
chloride (THPC, 80% in water) were purchased from Aldrich. Sodium hydroxide (NaOH), silver 
nitrate (AgNO3, 99.0%), hydroquinone (HQ, 99%) and formaldehyde (37 wt. % in water) were 
purchased from Sigma Aldrich. Sodium borohydride (NaBH4, 99%) was purchased from Fluka. 
Anhydrous potassium carbonate (K2CO3, 99.0%) and methanol (MeOH, 99.9%) were purchased 
from Fisher Scientific. Ethanol (EtOH, 200 proof) was purchased from Decon Labs. Ammonium 
hydroxide (NH4OH, 28-30% in water) was purchased from BDH Aristar. All chemicals were 
used as received without further purification. 
 
2.3.2 Gold Nanorod Synthesis 
Gold nanorods were prepared following the seed-mediated method described by 
Vigderman and Zubarev.18 The procedure is similar to the seed-mediated synthesis of gold 
nanorods developed by Murphy et al.19 and El-Sayed et al.,20 but Vigderman and Zubarev have 
demonstrated that nanorods with a greater aspect ratio can be achieved when hydroquinone is 
used as the reducing agent instead of ascorbic acid. To prepare the seeds, 0.500 mL of 0.010 M 
HAuCl4 was added to 9.5 mL of 0.10 M CTAB and the solution was stirred using a Teflon 
coated magnetic stir bar for 10 min. A 0.1 M NaBH4 solution in 0.010 M NaOH was prepared: 
45 mg of NaBH4 were dissolved in 10 mL of ice cold 0.010 M NaOH. Quickly, 1 mL of the 0.1 
M NaBH4 in 0.010 M NaOH was diluted to 10 mL with the addition of ice cold 0.010 NaOH. 
Immediately after the dilution, 0.460 mL of 0.01 M NaBH4 in 0.010 NaOH was added to the 
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solution of HAuCl4 and CTAB, causing the solution to turn dark brown. These gold seeds were 
stirred for 10 min and then aged for 1 hr before use. 
 The CTAB-capped gold nanorods were prepared in 500 mL batches. For a typical 
synthesis, the growth solution was prepared by adding 25 mL of 0.010 M HAuCl4 and 1.1 mL of 
freshly prepared 0.10 M AgNO3 to 475 mL of 0.10 M CTAB. The solution was stirred using a 
Teflon coated magnetic stir bar as 25 mL of freshly prepared 0.1 M hydroquinone was added. 
The solution was stirred until it turned colorless—or mostly colorless as a slight yellow tint 
typically remained—after which 8 mL of gold seeds was added. The nanorods were stirred 
gently overnight. The following day the nanorods were purified by centrifugation at 7 000 rcf for 
30 min. The supernatant was discarded and the resulting pellet was dispersed in nanopure water. 
 
2.3.3 Silica Coating and APTMS Functionalization 
The synthesis of a mesoporous silica shell on the gold nanorods was done using methods 
described by Abadeer et al.17 Typically, silica coating was done on a 10 mL scale. Since control 
of the CTAB concentration is important for silica coating, the gold nanorods were centrifuged 
again at 7 000 rcf for 30 min and the supernatant was discarded. The gold nanorod pellet was 
dispersed in 10 mL of 0.8 mM CTAB such that the nanorod concentration was 1 nM, 
corresponding to an extinction near 10 for the longitudinal LSPR. The nanorods were gently 
mixed overnight to allow the CTAB to equilibrate on the surface of the nanorods. The following 
day 40 µL of 0.10 M NaOH was added to adjust the pH near 10. After 30 minutes, 90 µL of 
freshly prepared 20 vol% TEOS in MeOH was added and the solution was placed on a shaker at 
room temperature overnight. The silica-coated gold nanorods were purified by centrifugation at 
7 000 rcf for 30 min. The supernatant was discarded and the pellet was dispersed in 10 mL of 
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EtOH. Centrifugation was repeated for three additional rounds. To functionalize the silica with 
APTMS, 50 µL of neat APTMS was added to the cleaned silica-coated nanorods and it was 
allowed to sit for 3 days. The APTMS-functionalized silica-coated nanorods were purified by 
four rounds of centrifugation as described above.  
Two alternative methods of APTMS functionalizing the silica shell were also used. For 
the first, 50 µL of APTMS was added during the growth of the silica shell 1 hr after the addition 
of TEOS. The following day any excess reactants were removed by four rounds of centrifugation 
at 7000 rcf for 30 min with the supernatant discarded after each round of centrifugation and the 
pellet  dispersed in EtOH. The second alternative method of APTMS functionalization involved 
adding APTMS functionalized silica onto the mesoporous silica shell.21 To 8 mL of purified 
silica-coated gold nanorods in EtOH was added 1 mL of water and 1 mL of 28% ammonium 
hydroxide. After 30 minutes 7.5 µL of TEOS and 7.5 µL of APTMS were added and allowed to 
react overnight. The APTMS-functionalized silica-coated nanorods were purified the following 
day by four rounds of centrifugation at 7 000 rcf for 30 min. After each round the supernatant 
was discarded and the pellet was dispersed in 8 mL EtOH. 
 
2.3.4 Seeded Precursors Synthesis 
Following the procedure of Duff et al.,22 2-3 nm gold seeds, called “Duff colloid” were 
synthesized. A Teflon coated stir bar was used to rapidly stir 45 mL of nanopure water. In quick 
succession, 300 µL of 1 M NaOH was added to the water followed by 1.00 mL 1.0% THPC. 
After two minutes 2 mL of 25 mM HAuCl4 was added. As the gold seeds formed, the mixture 
instantly turned dark brown. The seeds were stored in the refrigerator at 4 ˚C. 
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 To attach the gold seeds to the APTMS-functionalized silica-coated gold nanorods, 7 mL 
of Duff colloid and 150 µL of 1 M NaCl were simultaneously added to 3 mL of APTMS-
functionalized 1 nM silica-coated gold nanorods in ethanol. The mixture was shaken vigorously 
and then sonicated for 30 min after which the mixture was placed on a shaker for 4 days. Each 
day the mixture was sonicated to break up any flocks that may have formed. To remove any 
excess seeds, the seeded precursors were centrifuged at 7 000 rcf for 30 minutes. The 
supernatant, which contained excess seeds, was discarded and the pellet was dispersed in 3 mL 
of water. Centrifugation was repeated for two additional rounds, and samples were resuspended 
in 3 mL water each time to maintain 1 nM concentrations of particles. 
 
2.3.5 Gold Shell Synthesis 
To prepare the gold shell growth solution, called K-gold, 14 mg of K2CO3 were dissolved 
in 50 mL of nanopure water. Then 750 mL of 25 mM HAuCl4 were added and the after mixing 
the solution it was aged in the dark overnight. Gold shell growth was carried out by adding 
100 µL of seeded precursors to 1.5 mL of K-gold in a 1.7 mL microcentrifuge tube. A 20 µL 
drop of 37 wt% formaldehyde in water was placed on the cap of the microcentrifuge tube and 
then the tube was closed and rapidly shaken. Within a minute a color change indicated the 
growth of gold shells. 
 
2.3.6 Characterization 
Extinction spectra were taken using an Agilent Technologies Cary 5000 UV-Vis-NIR 
spectrophotometer. Transmission electron microscopy was performed using a JEOL 2100 cryo-
TEM or a JEOL 2010 LaB6 TEM operated at 200 kV. For the size analysis of the nanoparticles, 
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at least 300 particles were measured each measurement reported here is provided with its 
standard deviation. Zeta potential analysis was carried out using a Brookhaven Instruments 
Corporation ZetaPALs Zeta Potential Analyzer. 
 
2.4 Results and Discussion 
2.4.1 DDA Calculations on Nanorod Matryoshkas 
To study the near-field properties of nanorod matryoshkas, we modeled them using the 
discrete dipole approximation (DDA).23-26 The DDA method is one of several numerical 
techniques that have been developed to study the electrodynamics of particles with geometries 
that do not have analytical solutions for Maxwell’s equations. In the DDA the particle is 
composed of a cubic array of N point dipoles. In order for the DDA calculations to be valid, the 
lattice must be chosen so that the lattice spacing, d, is small compared to the wavelength of 
incident light in the material. That is, for light with wavelength λ incident upon a material with 
refractive index m, d must be chosen to satisfy the inequality in Equation 2.1. 
 
2𝜋 𝑚 𝑑
𝜆 ≤ 1 
 
(2.1) 
Less easily quantified, the d must also be small enough that the lattice of point dipoles 
adequately approximates the shape of the particle that is being modeled.25 To a good first 
approximation, the Clausius-Mossotti relation, which relates the bulk dielectric constant εr of a 
material to its atomic polarizability α (Equation 2.2), can also be used to calculate α for the point 
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dipoles in the DDA. Modern computational methods, however, typically estimate use a lattice 






𝜖 + 2 
 (2.2) 
 
From here, the computational considerations for the DDA are actually rather straightforward.25,26 
The polarization Pj of the jth dipole dipole with local electric field Ej is 
 
𝐏! = 𝛼!𝐄! 
(2.3) 
 
The local electric field Ej is dependent on the electric field Einc,j of the incident plane wave (Einc,j 
= E0 exp(ik • rj - iωt) where E0 and k are the amplitude and the the wave vector of the incident 
plane wave) plus the contribution to the electric field at location rj due to each of the other 
dipoles. 
 





The latter term in Equation 2.4, -AjkPk, is the electric field at rj that is due to the dipole with 






 ×  𝑘! 𝑟!"𝑟!" − 𝟏! +
𝑖𝑘𝑟!" − 1
𝑟!"!
3𝑟!"𝑟!" − 𝟏! , 𝑗 ≠ 𝑘 
(2.5) 
 
where k = 2π/λ, rjk = |rj – rk|, r̂jk = (rj – rk)/rjk, and 13 is the 3 X 3 identity matrix. If Ajj = αj-1, 








Thus, the problem is reduced to solving the linear equations to fine the polarization of each 
dipole Pj. 
In the work presented here, the calculations were carried out using the DDSCAT 7.0 
source code developed by Draine and Flatau25 which has been made freely available. Nanorod 
matryoshkas consist of concentric cylinders with hemispherical end caps and with the core and 
the outermost shell composed of gold and the inner shell of silica. The nanorod matryoshka was 
modeled as an array of point dipoles excited by an external electric field, E0, on a cubic lattice in 
a medium with a refractive index of n = 1.33 to represent water. The dielectric constants for gold 
reported by Johnson and Christy28 and the refractive index of n = 1.456 for silica on gold@silica 
nanoparticles reported by Liz-Marzán et al.29 were used in this study. To model for an 
unpolarized light source, each calculation was carried out twice, once with E0 linearly polarized 
along the long axis of the particle and then again with E0 linearly polarized along the short axis 
of the particle, and the results from the two calculations were averaged. The results were used to 
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find the scattering, absorbance, and extinction efficiencies of the particles as well as to generate 
maps of the near-field intensity. Gaussian smoothing was used to mitigate anomalously high 
intensity near individual dipoles in the near-field maps. 
 In Figure 2.3 the optical properties of gold nanorods are compared to those calculated for 
a nanorod matryoshka using DDA. The extinction spectra of gold nanorods show two LSPRs 
similar to the spectrum shown in Figure 2.3a. The transverse LSPR usually has its maximum 
extinction between 500-530 nm while the location of the maximum extinction of the longitudinal 
LSPR, which is dependent on the aspect ratio of the nanorod (i.e. the ratio of its length to its 
diameter) can be tuned throughout the visible region of the electromagnetic spectrum and into 
the NIR.30,31 The spectrum in Figure 2.3a is typical for nanorods with an aspect ratio of 3.7 with 
the maximum extinction of the longitudinal LSPR occurring near 800 nm. The spectrum shown 
in Figure 2.3b was calculated using DDSCAT for a nanorod matryoshka with a 41 x 11 nm gold 
core (aspect ratio 3.7) with a 10 nm thick silica shell and a 13 nm thick gold shell. Like the gold 
nanorod spectrum, the nanorod matryoshka spectrum shows two plasmon resonances which can 
be attributed to a transverse plasmon for the peak near 600 nm and a longitudinal plasmon for 
peak near 1000 nm. In contrast to the gold nanorod spectra, the calculated nanorod matryoshka 
spectrum shows that the extinction of the transverse peak is greater than that of the longitudinal 
peak. Additionally, both of the nanorod matryoshka plasmons are red-shifted relative to the 
LSPRs exhibited by gold nanorods.  
 The most striking differences between the optical properties of gold nanorods and gold 
nanorod matryoshkas become apparent when comparing their near-field enhancement. In Figure 
2.3c and d electric field maps of the transverse and longitudinal LSPRs of gold nanorod are 
shown. Electric field maps for the transverse and longitudinal plasmon modes for a nanorod 
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matryoshka are shown in Figure 2.3e and f. Most of the electric field enhancement, |E|/|E0|, for 
nanorod matryoshkas is located in the silica layer between the gold nanorod core and the gold 
shell. For the transverse plasmon mode the location with the greatest enhancement is near the 
sides of the nanorod core and for the longitudinal plamson mode most of the near-field 
enhancement is located close to the ends of the nanorod core. While the location of the near-field 
enhancement is similar for gold nanorods, the magnitude is quite different. The near-field 
enhancement of the transverse LSPR is small for a gold nanorod, as shown in Figure 2.3c, 
making it impractical to use the transverse LSPR for optical enhancement applications. Instead, 
the longitudinal LSPR is used because of the huge near-field enhancements at the ends—nearly 
30 times the incident field intensity in some places—as shown in Figure 2.3d. A caveat to that 
enhancement, though, is that only the fraction of the molecules attached to ends of the nanorods 
experience the bulk of the with enhancement while most of the dyes and reporters on its sides 
would experience much less enhancement. Nanorod matryoshkas are unique because, as shown 
in Figure 2.3e and f, there is significant near-field enhancement for both the transverse and 
longitudinal plasmons. Both plasmon modes have near-field intensities nearly ten times that of 
the incident field, which may make nanorod matryoshkas useful as multimodal probes. Along 
with control over the magnitude of near-field enhancement, the introduction of anisotropy to 
nanomatryoshkas allows the location of near-field enhancement as well.  
Our calculations indicate that geometric parameters, including the size and aspect ratios 
of the nanorod core and the thickness and shape of the silica and gold shells, may affect the 
optical properties of nanorod matryoshkas. Figure 2.4a shows calculated spectra for two nanorod 
matryoshkas with different aspect ratios. While both nanorod matryoshkas had 16 nm thick silica 
shells and 10 nm thick gold shells, the nanorod matryoshka that gave the red spectrum had a 66 x 
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26 nm gold nanorod core and the core for the nanorod matryoshka that resulted in the black 
spectrum had an 86 x 14 nm gold nanorod core. As the aspect ratio of the nanorod matryoshka is 
increased, it appears that the longitudinal plasmon peak diminishes with respect to the transverse 
plasmon. Both of the plasmon resonances appear to red shift as the aspect ratio of the nanorod 
matryoshka is increased. When comparing the electric field maps for the transverse plasmon 
modes of the nanorod matryoshka, the effect of the aspect ratio is even more pronounced. The 
electric field maps shown in Figure 2.4 were evaluated at the wavelength corresponding to the 
maximum extinction. The region with the greatest near-field enhancement intensity for the 
shorter nanorod matryoshka, shown in Figure 2.4b is concentrated near the sides of the nanorod 
core but for the longer nanorod matryoshka, shown in Figure 2.4c the greatest enhancement is 
located outside the nanorod matryoshka near the ends. Peaks on the shoulder of the transverse 
plasmon are more prominent for the longer nanorod matryoshka. From electric field maps (not 
shown) for each of the shoulder peaks, the near-field intensity distribution at each of the peaks is 
distinct, with varying enhancement along the sides of the nanorod core and along the sides on the 
outside of the nanorod matryoshka. This seems to indicate that the plasmonic interactions are not 
as simple as the transverse modes of the shell coupling solely to the transverse plasmon of the 
nanorod core. Furthermore, the degree of those interactions seems to depend on the geometry of 
the nanorod matryoshka.  To maximize the plasmonic enhancement of nanorod matryoshkas for 
the possible future applications as fluorescent or Raman tags, methods like the genetic 
algorithms described by Kodali et al. will be useful to guide the synthesis of nanorod 





2.4.2 Nanorod Matyroshka Synthesis 
TEM images corresponding to the stages of nanorod matryoshka synthesis are shown in 
Figure 2.5a-d. Several batches of gold nanorods were used in the present work. We synthesized 
gold nanorod cores using hydroquinone for the reducing agent, using a procedure adapted from 
the modifications to the seed-mediated synthesis of gold nanorods described by Vigderman and 
Zubarev.18 Typical gold nanorods used in the preparation of gold nanorod matryoshkas are 
shown in the TEM image in Figure 2.5a. Several batches of nanorods were prepared and their 
dimensions ranged between 75 to 85 nm long and 12 to 14 nm wide, but with aspect ratios near 
6.1. 
We synthesized mesoporous silica shells on the CTAB-capped gold nanorod using 
methods previously published by our group.17 Different methods were used to achieve the 
surface functionalization of the mesoporous silica shell. For the first method, the silica-coated 
nanorods were functionalized by adding neat APTMS to the nanorods in EtOH. The resulting 
silica shells were uniform and usually around 20 nm thick, as shown in Figure 8a. APTMS 
functionalization was confirmed by the change of the zeta potential from slightly negative for the 
silica-coated nanorods to positive for the APTMS-functionalized silica-coated nanorods. The 
synthesis and functionalization of silica shells took a few days for each batch due to multiple 
rounds of centrifugation and the time allowed for silica growth and also silica functionalization. 
Alternatively, we also functionalized the silica shells by adding APTMS during the growth of the 
silica shells. If APTMS was added 30 minutes or less into silica shell formation, then aggregates 
of silica and nanorods result. When APTMS was added 45 min to an hour into silica shell 
formation, shells such as that shown in Figure 2.5b result. A comparison of the histograms in 
Figure 2.5b and c indicates that while the shells are of uniform thickness when APTMS is added 
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after shell formation has completed, when APTMS is added during silica shell formation the 
shells are only half as thick at the ends, measured at 13 ± 4 nm for one batch versus 26 ± 4 nm on 
the sides. Despite the less uniform shells, silica shells formed and functionalized by adding 
APTMS during silica shell growth can be synthesized in a day and require fewer purification 
steps and are effective for use to make seeded precursors. We also have adapted the procedure of 
Gorelikov and Matsuura to grow silica on mesoporous silica.21 Both TEOS and APTMS were 
added at the same time in order to form APTMS-functionalized silica on the silica shell and to 
block the pores. The resulting silica shells, like the one shown in Figure 2.5b, had somewhat 
rough surfaces; however, they were quite effective for the attachment of gold seeds. 
To make the seeded precursors, the APTMS-functionalized silica-coated nanorods were 
added to a dispersion of 2-3 nm gold seeds. The gold seeds are shown on the silica surface of a 
seeded precursor in Figure 2.7a. Electrostatic attraction between the negative surface charge of 
the gold seeds,32,33 positively charged APTMS-functionalized silica surface and electrostatic 
repulsion between the gold seeds affect the surface coverage of the gold seeds on the silica. 
Upon attachment of the seeds to the silica-coated gold nanorods, a visible color change was 
noticeable; the extinction spectrum in Figure 2.7b shows that for the seeded precursor the 
transverse LSPR becomes more intense relative to the longitudinal plasmon and the longitudinal 
LSPR blue shifts. 
The formation of a gold shell onto the seeded precursors has posed the greatest synthetic 
challenge so far. In the synthesis of gold shells, formaldehyde is used to reduce the gold 
precursor Au(OH)4-, which results from the exchange of the chloride ligands of AuCl4- since the 
K2CO3 is used to adjust the pH. In Figure 2.8a, the measured extinction spectrum for the nanorod 
matryoshkas shown in Figure 2.8b is compared to the theoretical extinction spectrum for a 
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nanorod matryoshka calculated by DDSCAT. The measured extinction spectra for nanorod 
matryoshkas usually have very broad features. The roughness of the gold shells and the lack of 
uniformity between nanorod matryoshkas in any given sample likely contribute to broadening 
the plasmon resonance. Aggregation of the particles may also be one of the causes for broad 
resonances. TEM images of nanorod matryoshkas like that shown in Figure 2.8b suggest that the 
gold shells appear to be a mosaic of many smaller gold particles, and it is not clear that the shells 
are contiguous. By increasing the ratio of the gold concentration to seeded precursor 
concentration, nanorod matryoshkas with more contiguous gold shells can be prepared, such as 
the nanorod matryoshka shown in Figure 2.8c. However, the gold shells still appear to be rough.  
To make anisotropic nanorod matryoshkas, it was important to start with high aspect ratio 
gold nanorod cores because silica coating and gold shell formation are both expected to be 
isotropic. Therefore, with increasing shell thickness, the overall aspect ratio of a given nanorod 
matryoshka decreases. Using our well-known seed-mediated synthesis of CTAB-capped gold 
nanorods,19 the aspect ratio of the nanorods can be tuned by the addition of silver nitrate during 
the synthesis up to ~5. Vigderman and Zubarev have shown that by replacing ascorbic acid with 
hydroquinone as the reducing agent, the range of accessible aspect ratios that can be achieved by 
changing the silver nitrate concentration is extended up to 7.18 Vigderman and Zubarev 
suggested that greater aspect ratios could be achieved when using hydroquinone as a reducing 
agent as opposed to ascorbic because hydroquinone is a weaker reducing agent, causing nanorod 
growth to take more time; these notions mix thermodynamic aspects with kinetic aspects. 
In order to quantitatively study the differences between the two reducing agents, we used 
cyclic voltammetry (CV) to measure the oxidation potential of both ascorbic acid and 
hydroquinone in solution. Figure 2.9a shows cyclic voltammograms (CVs) for ascorbic acid and 
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hydroquinone in pH 2.9 aqueous solutions without CTAB using an Au disk electrode. It is 
evident that the oxidation of ascorbic acid occurs at lower potential than the oxidation of 
hydroquinone, which suggests that on Au, ascorbic acid will function as a stronger reducing 
agent. Figure 2.9b shows CVs of both ascorbic acid and hydroquinone in the presence of CTAB 
maintaining the same conditions as before. In this case, the onset for the oxidation of ascorbic 
acid again occurs at lower potential than for the oxidation of hydroquinone. The differences in 
the onset of oxidation observed for ascorbic acid and hydroquinone, approximately 250 mV 
without CTAB and 150 mV with CTAB, support Vigderman and Zubarev’s statements that 
hydroquinone is a weaker reducing agent under synthetically relevant conditions. Interestingly, 
the oxidation of hydroquinone in the presence of CTAB looks similar to that of CTAB alone, 
suggesting that CTAB could be oxidized along with hydroquinone. How CTAB oxidation might 
affect nanorod synthesis is unknown at this point. Additionally, the lower onset potential 
observed for the oxidation of ascorbic acid in the presence of CTAB and the overlap of the 
onsets for the oxidation of hydroquinone in the presence of CTAB compared to CTAB only, 
suggest that ascorbic acid and hydroquinone might interact differently with the CTAB bilayer 
which affects their ability to be oxidized near the Au surface.  The use of additional supporting 
electrolyte resulted in little change in redox behavior observed. 
Once gold nanorods are synthesized, silica coating is undertaken to create nanorod 
matroyshkas. Using our methods for silica coating, we have achieved much greater control over 
silica shell thickness than Cong et al previously reported in their synthesis of nanorod 
matryoshkas. Cong et al. identified the silica coating of CTAB-capped nanorods as one of the 
challenges in using nanorod cores for nanomatryoshkas.16 Their approach was to remove excess 
CTAB from the nanorods to a concentration well below the critical micelle concentration (CMC) 
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of CTAB by centrifuging the nanorods followed by silica coating in a mixture of water and 
isopropanol,16 using a modified Stöber method.34,35 In a recent publication it was shown that by 
adding poly(ethylene glycol) silane (PEG-silane) at different times during silica shell formation 
the silica surface could be functionalized and that the shell thickness could be controlled to form 
shells as thin as 2 nm by stopping silica growth.36 As demonstrated by the silica-coated nanorods 
in Figure 2.6b, the addition of APTMS caused the silica deposition to result in thinner shells on 
the ends of the gold nanorods than on their sides, or to disrupt silica shell deposition if it was 
added too soon into silica shell growth, rather than resulting in thinner shells as was reported 
with PEG-silane. Because APTMS is much smaller than PEG-silane, it may not be as effective at 
blocking the silica surface and stopping silica growth, therefore causing it to be poor for 
terminating silica shell growth to form thin shells.  
We have struggled in the areas of control over the gold shell morphology, sample 
uniformity, and reproducibility while synthesizing our gold shells, with many syntheses ending 
in aggregation of the particles. These problems are illustrated well by the TEM image of nanorod 
matryoshkas in Figure 2.10a in which the roughness of the gold shells is quite evident. Notice 
also that that the nanomatryoshkas are clumped together. Though it is likely a result of the drying 
that occurred during TEM grid preparation, most of the nanomatryoshkas observed under TEM 
seem to occur on the grid in aggregates, although we cannot say for certain whether the nanorod 
matryoshkas form the aggregates in solution or if the aggregates on the TEM grid are the result 
of a drying effect. Some of our difficulties seem to be due to the small radii of our nanorods. 
While nanomatryoshkas prepared are prepared from gold nanosphere cores with diameters near 
40 nm,2 the typical diameters of our gold nanorod cores range from 11-14 nm. All gold 
nanoshells demonstrate some degree of roughness, but as Rasch et al. shown, since the roughness 
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is dependent on the size of the seeds, smaller shells made with the same size seeds will appear 
rougher. Furthermore, they showed that smaller shells are more prone to aggregation as the 
tighter radius of curvature causes them to have a more diffuse charge double-layer.15 Another 
problem that has been commonly encountered while trying to form gold shells is that metal 
overgrowth has been observed at the nanorod core, shown in the TEM image in Figure 2.10b. 
This is likely due to the fact that the silica shell is mesoporous and that the pores were cleared of 
any remaining CTAB after several rounds of centrifugation in EtOH, allowing the gold ions to 
permeate through the silica shell and to be reduced at the nanorod surface. In a recent study by 
Liz-Marzán et al. mesoporous silica shells were recently shown to be an effective template for 
the growth of branched gold nanoparticles by metal overgrowth of the gold nanorod cores in the 
pores of the silica.37  
 
2.5 Conclusion 
 As a result of the new properties that anisotropy often introduces to nanoscale systems, it 
is clear that future applications of nanotechnology will require both the synthetic ability to 
synthesize a variety of anisotropic nanostructures and an understanding of how the physical and 
chemical properties are dependent on the nanostructure geometry. Using DDSCAT, we have 
shown that just as nanorods support transverse and longitudinal LSPRs nanorod matryoshkas are 
also expected to have plasmon resonances corresponding to their transverse and longitudinal 
axes. The DDA calculations show that a major advantage of nanorod matryoshkas over nanorods 
is that while nanorods have only negligible near-field enhancement associated with the 
transverse LSPR, for nanorod matryoshkas both the transverse and longitudinal plasmons show 
significant near-field enhancement. The calculations indicate that the magnitude and distribution 
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of the near-field enhancement for the nanorod matryoshka LSPRs depends on the geometry. We 
have adapted procedures for the syntheses of nanomatryoshkas to produce nanorod matryoshkas 
with mixed success. While we have been able to coat CTAB-capped gold nanorods in a 
relatively thin layer of APTMS-functionalized silica and to attach small gold nanoparticles to the 
silica shell to seed the growth of a gold shell, the growth of a contiguous gold shell has been 
difficult to achieve with good control over the shell morphology and reproducibility. Some of 
our difficulties while synthesizing the gold shells, especially their roughness and tendency to 
aggregate, may be due to the small diameter of our silica-coated gold nanorods. In future work, 
the synthesis of nanorod matryoshkas may be able to be improved, perhaps by using larger 
diameter gold nanorods as the cores or through modifications of the gold shell synthesis. 
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Figure 2.1. The structure of a nanorod matryoshka, with a gold nanorod core, coated with a 






Figure 2.2. A schematic representation of the steps in the synthesis in nanorodmatyroshkas 
starting with (i) the synthesis of gold nanorods, followed by (ii) coating the gold nanorods with a 
silica shell and functionalizing the silica shell with APTMS, (iii) attaching small gold seeds to 
the silica shell to make seeded precursors, and finally (iv) the seed-mediated growth of a gold 






Figure 2.3. (a) A normalized experimentally measured extinction spectrum of 74 x 20 nm gold 
nanorods with an aspect ratio of 3.7. (b) Calculated extinction spectrum using DDSCAT for a 
gold nanorod matryoshka with a 41 x 11 nm gold nanorod core, 10 nm silica shell, and 13 nm 
gold shell. The points in the spectrum show the extinction calculated by individual calculations 
with the line there to guide the eye. In (c-f) electric field maps are shown with the color 
corresponding to the electric field enhancement, |E|/|E0|. The (c) transverse and (d) longitudinal 
plasmons of a 41 x 11 nm gold nanorod at 507 nm and 800 nm, respectively, are shown as well 
as the (e) transverse and (f) longitudinal plasmon modes of the nanorod matryoshka, at 600 nm 






Figure 2.4. (a) Calculated extinction spectra for nanorod matryoshkas of different geometries. 
The red spectrum corresponds to a nanorod matryoshka with a 66 x 26 nm gold nanorod core 
with 16 nm thick silica shell and a 10 nm thick gold shell and the electric field of the transverse 
plasmon at 690 nm is mapped in (b). The black spectrum corresponds to a nanorod matryoshka 
with an 86 x 14 nm gold nanorod core with a 16 nm thick silica shell and a 10 nm thick gold 






Figure 2.5. The TEM images corresponding to the stages of nanorod matryoshka synthesis: (a) 
Gold nanorods cores were synthesized in the first step and they were (b) coated with APTMS-
functionalized silica, then (c) gold seeds were attached to the silica shell, which (d) seeded the 






Figure 2.6. TEM images of silica-coated and APTMS functionalized gold nanorods. In (a) the 
silica-coated nanorods were APTMS functionalized after the silica shells had been formed and 
the silica-coated nanorods had been purified. APTMS functionalization for the silica-coated 
nanorods in (b) was done by adding APTMS during silica shell formation. The histogram in (c) 
shows that the silica shells that were functionalized after silica shell formation have isotropic 
thickness while the histogram in (d) demonstrates that adding APTMS before the completion of 
silica shell formation results in silica shells that are thinner at the ends than at the sides. Scale 




Figure 2.7. (a) A TEM image showing a seeded precursor. Scale bar is 20 nm. (b) A 
comparison of a typical extinction spectrum for gold nanorod seeded precursors (red) to the 






Figure 2.8. Comparison of a measured extinction spectrum for nanorod matryoshkas to the 
extinction spectrum calculated using DDSCAT. (b) TEM image of a nanorod matryoshkas from 
the sample that was measured to obtain the extinction spectrum in (a). (c) TEM image of 
nanorod matryoshka with thicker, more contiguous gold shell that was formed by increasing the 





Figure 2.9. (a) Cyclic voltammograms obtained from a solution containing 4.8 mM ascorbic 
acid (black) or 4.8 mM hydroquinone (red) in H2O pH adjusted to 2.9 with HCl. The CV 
obtained from pH 2.9 H2O (blue) is also shown. (b) Cyclic voltammograms obtained from 
solutions containing 4.8 mM ascorbic acid (black) or 4.8 mM hydroquinone (red), both in 0.1 M 
CTAB + pH 2.9 H2O. CVs obtained from pH 2.9 H2O with 0.1 M CTAB (green) and without 





Figure 2.10. TEM images depicting common problems encountered during gold shell synthesis 
for nanorod matryoshkas. (a) Several nanorod matryoshkas bunched together with rough gold 
shells. In the center of the nanorod matryoshkas the gold nanorods can be seen as dark rods 
surrounded by lighter gray of the silica shell with the gold shell appearing black and bumpy. (b) 
Nanorod matryoshkas with non-contiguous shells showing pronounced gold overgrowth on the 
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 Despite enormous progress towards controlling the shapes and surface chemistry of 
colloidal nanoparticles, spatial control of nanoparticle surface chemistry remains a major 
challenge. In recent years, there have been tantalizing reports demonstrating anisotropic silica 
coating of gold nanorods in which silica is deposited only on the sides by functionalizing the 
nanorods with poly(ethylene glycol) methyl ether thiol (PEG-thiol) prior to silica coating, but 
such results have been difficult to reproduce. We report that the oxidation state of PEG-thiol is 
key to anisotropic silica coating, with the disulfide, not the thiol, leading to side silica coating. 
PEG-disulfide appears to selectively functionalize the ends of gold nanorods and robust methods 




 Gold nanorods (AuNRs) are among the most intensely studied colloidal nanoparticles. 
Owing to their shape, AuNRs can support localized surface plasmon resonances (LSPRs) along 
their transverse and longitudinal axes and the longitudinal LSPR can be tuned through the visible 
spectrum to the near-infrared by changing their aspect ratio.1 The shape-dependent optical 
response of AuNRs has sparked numerous studies of their plasmonic properties and potential 
                                                
3 Adapted and reprinted with permission from Hinman, J. G.; Eller, J. R.; Lin, W.; Li, J.; Li, J.; 
Murphy, C. J. Oxidation State of Capping Agent Affects Spatial Reactivity on Gold Nanorods. J. 
Am. Chem. Soc. 2017, 139 (29), 9851-9854. Copyright 2017 American Chemical Society. 
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uses in a wide range of applications.2 One major frontier in the study of anisotropic colloidal 
nanoparticles is their anisotropic chemical functionalization (highlighted in a recent 
perspective3): can one reproducibly put molecules or materials on one face or another of non-
spherical colloidal nanoparticles?  A number of experimental results indicate AuNRs can be 
selectively functionalized on their ends, indirectly, by demonstrating end-to-end assembly as 
observed by electron microscopy; imaging of materials on the ends vs. sides of gold nanorods is 
relatively rare.4-6 It is often suggested that the apparent anisotropic functionalization is due to the 
original capping agent, cetyltrimethylammonium bromide (CTAB), having a lower packing 
density on the ends of AuNRs, which have a greater curvature than the sides and possess 
different crystal facets—an hypothesis which may be supported by molecular dynamics 
simulations.7 While numerous groups have demonstrated silica coating of gold nanorods,8-10 
Wang et al. recently reported anisotropic silica coating of AuNRs—selective deposition of silica 
only on the ends or the sides of the AuNRs.11 In their method, side silica coating was achieved 
by incubation of AuNRs with 5000 MW poly(ethylene glycol) methyl ether thiol (PEG-thiol) 
prior to silica coating while end silica coating was carried out by adding a judicious amount of 
silica precursor while precisely controlling the concentration of CTAB.11 Recently, they applied 
the same methods to selectively coat the ends and the sides of gold nanobipyramids.12 Their end 
silica coating methods have also been extended by others for end titania coating of gold 
nanorods.13 This level of control of surface chemistry greatly increases the opportunities for 
selective plasmon-enhanced sensing and chemistry along one axis or another of gold nanorods. 
We found these very exciting results difficult to reproduce. We discovered that the key to 
side silica coating is to incubate AuNRs with PEG-disulfide rather than PEG-thiol prior to silica 
coating. The conditions necessary to grow silica shells selectively on the sides of AuNRs are 
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summarized in Scheme 3.1. By oxidizing PEG-thiol to the disulfide, we were apparently able to 
selectively block the AuNR ends so that silica grew only on the sides. When PEG-disulfide was 
replaced with PEG-thiol under the same reaction conditions, instead of the deposition of silica on 
the nanorods, free silica forms. For end silica, we found that the conditions necessary to produce 
the anisotropic coatings were quite different than those reported by Wang et al.,11 but were 
instead similar to the conditions we use to deposit complete silica shells9 but with less of the 




Ascorbic acid (99.0%) and cetyltrimethylammonium bromide (99%) were purchased 
from Sigma. Hydrogen tetrachloroaurate trihydrate (99.9%), tetraethyl orthosilicate (99%), 5,5’-
dithio-bis(2-nitrobenzoic acid), or Ellman’s reagent (99%), and tris(2-carboxyethyl)phosphine 
(98%) were purchased form Aldrich. Thiolated poly(ethylene glycol), 5000 M.W. was purchased 
from NanoCS. Silver nitrate (99.0%) was purchased from Sigma Aldrich. Hydrogen peroxide 
(30%) was purchased from Macron. Sodium iodide was purchased from Fisher. Ethanol (200 
proof) was purchased from Decon Laboratories. Deionized water was purified using a Barnstead 
Nanopure II system. 
 
3.3.2 Gold Nanorod Synthesis 
 Gold nanorods were synthesized according to our seed-mediated growth procedure.14 To 
prepare the seeds, 0.250 mL of 0.1 M HAuCl4 was added to 9.75 mL of 0.1 M CTAB and the 
solution was stirred rapidly. A 0.1 M NaBH4 solution was prepared by dissolving 0.045 g of 
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NaBH4 in 10 mL of ice-cold nanopure water. Quickly after the NaBH4 was dissolved, 1 mL was 
diluted to 10 mL with ice-cold nanopure water to prepare 0.01 M NaBH4 and 0.600 mL of 0.01 
M NaBH4 were immediately added to the CTAB and HAuCl4 solution, resulting in a color 
change from orange to brown, indicating the synthesis of gold seeds. The seeds were stirred for 
10 min and were then allowed to stand for 1 hr before use. 
 For 1 L of gold nanorods, 950 mL of 0.1 M CTAB and 50 mL of 0.01 M HAuCl4 were 
added to an Erlenmeyer flask and stirred gently. To control the aspect ratio of the resulting 
nanorods, between 2-15 mL of 0.01 M AgNO3 was added. Longer aspect ratios resulted for 
greater additions of 0.01 M AgNO3. Then, 5.50 mL of 0.1 M ascorbic acid was added and the 
solution was stirred until it became colorless. After the color change, 1.2 mL of seeds were 
added and the solution was gently stirred overnight at room temperature. The gold nanorods 
were purified by centrifugation at 11 000 rcf for 15 min followed by removal of the supernatants 
and dispersion of the gold nanorod pellets in nanopure water. 
 
3.3.3 Oxidation of PEG-thiol to PEG-disulfide 
 To oxidize our PEG-thiol stock to PEG-disulfide, we adapted procedures described by 
Kirihara, et al.15 and Smith et al.16 First 5 mL of aqueous 5 mM PEG-thiol was prepared. While 
stirring the PEG-thiol solution, 2.5 mL of 1.0 mM NaI was added followed by 28 µL of 3% 
H2O2. As thiols can easily be over oxidized by H2O2, the thiol content of the PEG-thiol solution 
was verified using Ellman’s assay and the concentrations of the added NaI and H2O2 were 
adjusted accordingly. The oxidation was allowed to take place overnight as the PEG thiol 
solution was gently stirred. On the following day, the PEG-disulfide was purified using an 
Amicon centrifugal filter unit with a molecular weight cutoff of 3 kDa. The PEG-disulfide 
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solution was transferred to the centrifugal filter unit and was centrifuged at 5 000 rcf for 1 hr. 
Following centrifugation, the filtrate was discarded and the solution above the filter was diluted 
to the original volume with nanopure water. Centrifuge filtration was repeated two more times. 
After the final round of centrifuge filtration, excess water was removed using a rotary evaporator 
and the PEG-disulfide was then dried under vacuum. 
 
3.3.4 Reduction of PEG-SH with TCEP 
 For control experiments using PEG-thiol to functionalize AuNRs prior to silica coating, 
the PEG-SH stock was reduced to ensure that no PEG-disulfide was present. In a 20 mL 
scintillation vial 100 mg PEG-SH was dissolved in 4 mL 0.090 M phosphate buffer pH 5.5. A 
Teflon coated stir bar was used to stir the solution as 2 mL of freshly prepared 30 mM tris(2-
carboxyethyl)phosphine (TCEP) was added. The solution was stirred for 30 minutes. To purify 
the PEG-thiol, the solution was transferred to an Amicon centrifugal filter unit with a molecular 
weight cutoff of 3 kDa and centrifuged at 5 000 rcf for 1 hr. Following centrifugation, the filtrate 
was discarded and the solution above the filter was diluted to the original volume with nanopure 
water. Centrifuge filtration was repeated twice more. After the final round of centrifugal 
filtration, excess water was evaporated under vacuum. Rotary evaporation was not used because 
the rate of oxidation for PEG-thiol is greater at elevated temperature.17  
 
3.3.5 Ellman’s Assay 
Ellman’s assay is a commonly used colorimetric method to determine the thiol 
concentration in a sample. Our procedure for Ellman’s assay was adapted from the protocol 
described by Moser et al.18 A 3.4 mM solution of Ellman’s reagent, 5,5-dithiobis(2-nitrobenzoic 
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acid) (DTNB), was prepared fresh in 0.1 M phosphate buffer at pH 8.0. Each sample for analysis 
was prepared as a 5 mM solution in water. Standards of 5 mM 3-mercaptopropionic acid were 
also prepared. To measure the thiol content, 5 µL of each thiol sample was added to 1 mL of 
Ellman’s reagent. The solutions were mixed and allowed to stand for 15 min. Thiols in the 
samples react with DNTB to form mixed thiols and 2-nitro-5-thiobenzate (NTB2-), which is 
yellow in color and absorbs at 412 nm. UV-Vis spectra were then collected for each sample. The 
absorbance at 412 nm compared to Ellman’s reagent alone was compared and the molar 
absorptivity of NTB2- at 412 nm, 1.415 x 104 cm-1M-1, was used to find the concentration.  
 
3.3.6 End PEG-Disulfide Functionalization 
 The procedures used for side-silica coating were adapted from the methods reported by 
Wang et al.11 First, the ends of the nanorods were functionalized with the disulfide form of PEG-
SH. CTAB-capped gold nanorods were centrifuged at 11 000 rcf for 15 minutes. The supernatant 
was removed and the pellet was dispersed in enough 0.1 M CTAB so that the gold nanorod 
concentration was 0.75 nM. To 24 mL of 0.75 nM gold nanorods in 0.1 M CTAB, 1 mL of 20 
mg/mL PEG-disulfide was added. The nanorods were gently shaken overnight. Excess PEG-
disulfide was removed by centrifuging the gold nanorods at 7 000 rcf for 30. After discarding the 
supernatant, the nanorods were dispersed into 12 mL of nanopure water, giving a gold nanorod 
concentration of 1.5 nM. Centrifugation was repeated. After the second centrifugation, the 
supernatant was discarded and 36 µL 0.1 M CTAB was added to the pellet. The pellet was 
dispersed in the CTAB solution by pipetting up and down. The nanorods were then diluted to 12 
mL with water such that the CTAB concentration was 0.3 mM. The nanorods were allowed to 
stand overnight prior to silica shell synthesis. 
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3.3.7 Side Silica Coating 
 On a 1 mL scale, side-silica coating was carried out by diluting 133 µL of end-PEG 
functionalized nanorods to 1 mL with 0.3 mM CTAB for a nanorod concentration of 0.20 nM. 
Then, 25-35 µL of 2 wt% TEOS in ethanol (prepared by adding 17 µL of neat TEOS to 1 mL 
ethanol) was added to the nanorods and they were gently shaken for 30 min followed by addition 
of 12 µL of 0.1 M NaOH. The reaction mixture was gently shaken overnight. The side silica 
coated nanorods were purified by two rounds of centrifugation at 6 000 rcf for 20 min. The 
supernatant was discarded after each round of centrifugation and the pellet was dispersed into 1 
mL of ethanol.  
 
3.3.8 End Silica Coating 
 The protocol for end silica coating was adapted from our previously published methods 
for uniform, mesoporous silica shells on AuNRs.9 CTAB-capped gold nanorods were centrifuged 
again at 11 000 rcf for 15 min prior to silica coating to remove excess CTAB. For 1 mL of 1 nM 
AuNRs, after removing the supernatant 8.0 µL of 0.1 M CTAB was added to the pellet before 
dispersing the pellet in 1 mL of nanopure water so that the final CTAB concentration was 0.80 
mM. The gold nanorods were then allowed to stand overnight. The pH of the AuNRs was 
adjusted by adding 4 µL of 0.1 M NaOH. They were allowed to stand for an additional 30 min 
followed by the addition of 9.0 µL of freshly prepared 10 vol% TEOS in methanol. The AuNRs 
were allowed to stand overnight and were then washed by centrifugation at 7 000 rcf. After 






UV-Vis extinction spectra were collected using an Agilent Cary 5000 UV-Vis-NIR 
spectrophotometer. Dynamic light scattering analysis and zeta potentials were measured using a 
Brookhaven Instruments Corporation ZetaPALS Zeta Potential and Particle Size Analyzer. 
Transmission electron microscopy was carried out using JEOL 2100 Cryo and JEOL 2010 LaB6 
microscopes operated at 200 kV. Bromide ion concentration was measured using a Thermo 
Fisher Scientific 9635BNWP bromide ion selective electrode. 1H-NMR spectra were collected 
on a Varian UI400. DOSY experiments were carried out on an Agilent VNS750NB. 
 
3.4 Results and Discussion 
3.4.1 Side Silica Coating 
PEG-disulfide and PEG-thiol were independently prepared and analyzed using NMR 
spectroscopy and dynamic light scattering (DLS). We adapted the methods described by 
Kirihara, et al.15 to oxidize our stock PEG-SH to PEG-disulfide using hydrogen peroxide and 
sodium iodide. PEG-thiol was prepared by reducing the PEG-SH stock with tris(2-
carboxyethyl)phosphine. Additional details can be found in the electronic supporting 
information. 1H-NMR spectra of PEG-disulfide and PEG-thiol are shown in Figure 3.1a and b, 
respectively, and agree with previously reported 1H-NMR spectra of PEG-disulfide and PEG-
thiol.16 DOSY experiments on 1H of PEG-disulfide and PEG thiol indicate that the diffusion 
coefficient, D, for PEG-disulfide and PEG-thiol are 8 x 10-7 and 10 x 10-10 cm2s-1, respectively. 
Using the Stokes-Einstein equation, these measurments correspond to a hydrodynamic diameter 
of aqueous PEG-disulfide near 7 nm and a smaller hydrodynamic diameter of 5 nm for PEG-
thiol, which agrees well with its reported Flory radius of ~6 nm.19 DLS measurements of PEG-
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disulfide and PEG-thiol indicate that the polymers may aggregate to some extent in solution, but 
again PEG-disulfide was measured to be larger with a hydrodynamic diameter 250 ± 5 nm while 
PEG-thiol had a hydrodynamic diameter of 145 ± 7 nm. 
CTAB-capped gold nanorods, 1, were functionalized with the purified PEG-disulfide and 
PEG-thiol to produce 2 and 2’, respectively (see Scheme 3.1). Zeta potential measurements 
(Figure 3.2a) show that while 2 has a slightly positive surface charge, indicating there is still 
some CTAB adsorbed to the surface, 2’ actually has a slightly negative charge, suggesting that 
CTAB has been more effectively removed from the surface. Silica coating of 2 and 2’ was 
carried out under identical conditions. The silica precursor tetraethyl orthosilicate (TEOS) was 
added to basic solutions containing 0.3 mM CTAB and 0.20 nM 2 or 2’. After allowing the 
reaction mixtures to stand overnight, they were purified, and the resulting nanoparticles were 
transferred to ethanol. While 2 yielded side-silica-coated AuNRs, 3, after the silica coating 
procedure (Figure 3.2b), 2’ did not. Instead, 3’ consisted of separate silica particles and uncoated 
AuNRs as observed by TEM (Figure 3.2c). Side silica shell synthesis is a modified Stöber 
method20 similar to methods for coating CTAB-capped AuNRs with uniform mesoporous silica 
shells.9 TEOS undergoes base catalyzed hydrolysis, and then surface-bound CTAB acts as a 
template for the condensation of the silica precursors to form mesoporous silica as shells on the 
AuNRs.8 The failure of silica shells to form on 2’ is likely caused by the unavailability of CTAB 
to template silica shell growth. 
Because the concentration of CTAB and TEOS during side silica coating of 2 affects the 
resulting silica shell morphology, we optimized the conditions to improve side silica shell yield. 
Previously we demonstrated the importance of the CTAB concentration for the synthesis of fully 
silica-coated gold nanorods with controllable silica shell thickness.9 Here, silica shells were 
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grown on 0.2 nM 2 at different TEOS and CTAB concentrations. CTAB concentrations were 
measured using a bromide ion selective electrode. The resulting silica shells were observed by 
TEM, and AuNRs exhibiting either side silica shells or shells that covered one or both ends were 
tallied. It was found that the greatest yield of side silica coated AuNRs was obtained by 
minimizing the CTAB and TEOS concentrations to approximately 0.15 mM CTAB and 2.0 mM 
TEOS (Figure 3.3a), although our results were subject to some batch-to-batch variation. The 
resulting side silica shells were 14 ± 2 nm thick. Greater concentrations of CTAB or TEOS cause 
silica growth to extend to the ends, while at lower concentrations of CTAB or TEOS no silica 
coating occurs on the sides or ends (Figure 3.3b-g). 
Pronounced differences in the binding of a thiol and its disulfide to gold surfaces are 
unexpected but not without precedent. Thiols and disulfides are often chosen for ligand 
exchanges on gold nanoparticles due to the strength of the gold-thiolate bond (~ -50 kcal/mol21). 
Studies of self-assembled monolayers (SAMs) composed of alkylthiolates on clean gold surfaces 
resulting from the adsorption of either alkanethiols or dialkyl disulfides have shown that they are 
essentially indistinguishable21 and that the rate of SAM formation is mostly unaffected by 
whether it is the thiol or disulfide in solution,22-24 although some evidence indicates longer chain 
disulfides form slower than their alkanethiol counterparts25,26. There are, however, important 
examples of differences in the adsorptive behavior of thiols and disulfides. When SAMs are 
prepared from mixtures of thiols and disulfides, thiols show preferential adsorption22 and 
exchange of thiolate SAMs on gold occur much slower with disulfides than with thiols.23 
Biebuyck et al. suggest that steric hindrance makes adsorption of disulfides to gold less facile 
than adsorption of thiols.23 
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We suggest that a combination of surface accessibility and sulfur accessibility lead to the 
apparent end-selective adsorption of PEG-disulfide to CTAB-capped gold nanorods, while PEG-
thiol is able to functionalize the entire surface, as illustrated in Figure 3.4. The disulfide, 
surrounded by polymer, is unable to access the AuNR surface on the sides where the packing 
density of CTAB is greater, but there is enough access to the surface on the ends to allow it to 
bind. Interestingly, while the increased size of PEG-disulfide compared to PEG-thiol as indicated 
by DOSY and DLS likely contribute to the apparent differences in their adsorptive behavior, the 
role of the polymer restricting sulfur accessibility by surrounding the disulfide appears to be 
especially important as 1kDa PEG-disulfide can also be used to localize silica shells on the sides 
of AuNRs despite its overall smaller size (Figure 3.5). Examples of differences observed 
between the adsorption of thiol-terminated polymers and their disulfide counterparts to gold 
include the work described by Vanderah et al. in which oligomers of monothiol-terminated 
ethylene glycol had a greater packing density than the disulfide. They cited the larger size of the 
oligomers as a contributing factor for the amplified differences observed between SAMs of the 
disulfide versus the thiol compared to those previously observed for small molecules.27 Yeh and 
coworkers compared the grafting density of PEG-SH, monothiol-functionalized hyperbranched 
polyglycerols (HPGs), and the disulfide of HPGs to gold. They found that HPGs had a lower 
grafting density than linear PEG-SH but that disulfide HPGs did not significantly adsorb to the 
gold surface and they used a steric argument to explain the trend. In particular, they suggested 
that because the disulfide was “deeply buried” in the polymer that its access to the surface was 
restricted, preventing adsorption.28 On the other hand, Slavin et al. have reported a greater 
grafting density for polymers containing a disulfide compared to their terminal-thiol 
counterparts.29 Additionally, small angle neutron scattering measurements by Hore, et al. 
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indicate that the grafting density of PEG-SH on surfactant-capped gold nanorods is quite low, 
with as few as 6 PEG-SH molecules per nanorod, while the surfactant layer remains intact.30 
Thus, variation in the adsorptive behavior of PEG-thiol and PEG-disulfide to AuNRs may 
depend on the difference of only a few PEG-thiol or PEG-disulfide molecules per nanorod. 
 
3.4.2 End Silica Coating 
 Although Wang et al. reported that for end silica it is necessary to have 6 mM CTAB and 
2 mM TEOS,11 we did not observe end silica shells at those conditions. Instead, we observed 
isotropic shell growth with a great deal of free silica particles. It is, perhaps, not surprising to see 
a significant amount of free silica form because 6 mM is several times greater than the critical 
micelle concentration (CMC) of CTAB at 1 nM,31 such that there are likely to be many CTAB 
micelles to template silica nanoparticle growth. Serendipitously, we stumbled upon conditions 
that yielded end silica shells while attempting to grow isotropic silica shells on AuNRs following 
our previously published method.9 On a 10 mL scale to deposit uniform silica shells on gold 
nanorods, the CTAB concentration is adjusted to 0.8 mM and 90 µL of 20 vol% TEOS is added 
so that the total TEOS concentration is 8 mM.9 When a 10 vol% solution of TEOS was 
mistakenly prepared, it was found that the resulting silica shells were selectively deposited on the 
ends. End silica shells were synthesized over a variety of CTAB and TEOS concentrations. 
Observation under TEM (Figure 3.6) revealed that as [TEOS] is decreased aggregates of silica 
particles and AuNRs form, which was corroborated by broadening of the longitudinal LSPRs 
when UV-Vis spectra were measured. Of course, if the [TEOS] is increased too much, then 
isotropic silica shells result. Unlike side silica coating, end silica coating is more forgiving as far 
as variations in [CTAB], but the best end silica shells resulted when the CTAB concentration 
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was around 0.75-0.80 nM. While even under ideal conditions free silica particles are often 
observed, interestingly they often do not appear to be due to silica forming on CTAB micelles 
but rather nanorod shaped indentations in them that are visible under TEM suggest that they have 
“popped” off of the ends of nanorods. 
 Our results seem to indicate that silica shell growth originates at the ends of AuNRs. By 
halving the amount of TEOS added, silica growth begins at the ends but ends before the sides are 
coated as the available TEOS is expended. However, it is worth considering that the methanol in 
the 10 vol% TEOS solution may also play an important role. Wu and Tracy adapted our 
procedure for producing full silica shells and have reported the effects of using different TEOS 
additions.32 When they reduced the amount of 20 vol% TEOS to less than half what we use for 
full silica shells, instead of end silica they report producing thinner silica shells.32 Greater 
methanol in solution would raise the CMC of CTAB and may cause disruption of the CTAB 
bilayer on the AuNRs. If such disruptions occur anisotropically, that may also contribute to the 
formation end silica shells over isotropic silica coatings. 
 
3.5 Conclusion 
In conclusion, we have shown, unexpectedly, that the oxidation state of a capping ligand 
dictates the spatial localization of subsequent shells on colloidal nanoparticles. PEG-disulfide 
appears to selectively adsorb to the ends of CTAB-capped AuNRs while PEG-thiol adsorbs 
indiscriminately. Careful analysis of PEG-SH followed by oxidation of PEG-thiol to PEG-
disulfide as the working ligand to block the ends of AuNRs is crucial to reproducibly synthesize 
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3.7 Scheme and Figures 






Figure 3.1. 1H-NMR spectra of (a) PEG-disulfide and (b) PEG-thiol in CDCl3 with labeled 






Figure 3.2. Measured zeta potentials of 2 and 2’ are plotted in (a). TEM images of 3 and 3’ are 
shown in (b) and (c), respectively. Scale bars are 100 nm. Silica coating 2 under the right 
conditions yields side silica shells while silica coating 2’ produces free silica nanoparticles 





Figure 3.3. (a) The yield of side silica coated AuNRs observed by TEM is plotted as a 3D 
surface against the concentration of CTAB and TEOS added to 0.2 nM AuNRs. TEM images are 
shown of AuNRs silica coated at 2.6 mM TEOS and (b) 0.06, (c) 0.63, and (d) 0.91 mM CTAB. 
TEM images of AuNRs silica coated at 0.15 mM CTAB and (e) 1.8, (f) 1.9, and (g) 3.0 are also 
shown. Scale bars are 100 nm. Side silica shell yield is the greatest when the TEOS and CTAB 




Figure 3.4. A cartoon depicting the adsorption of PEG thiol (top) vs PEG-disulfide (bottom) to a 
CTAB-capped AuNR. Despite the CTAB bilayer reducing access to the AuNR surface, the 
terminal thiol of PEG-thiol is able to attach to the ends and sides of the AuNR. Contrast that with 
PEG-disulfide where the disulfide, deeply buried in the polymer, is hindered from adsorbing to 





Figure 3.5. A TEM image showing side silica coated AuNRs that were prepared using 1 kDa 
PEG-disulfide. End PEG-disulfide functionalization was repeated as described above, but instead 





Figure 3.6. TEM images of end silica coated gold nanorods produced using different 
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CHAPTER 4: LAYER-BY-LAYER SYNTHESIS OF CONFORMAL METAL- 
ORGANIC FRAMEWORK SHELLS ON GOLD NANORODS4 
 
4.1 Abstract 
 Driven by their possible use in a number of applications such as sensing and catalysis, 
hybrid materials of metal-organic frameworks (MOFs) with plasmonic nanoparticles have 
attracted the attention of many researchers. While there have been many reports of the colloidal 
synthesis of MOF shells on metallic nanoparticles, they often provide little control over the 
thickness and morphology of the MOF shell. We present a layer-by-layer technique to synthesize 
conformal shells of the MOF HKUST-1 on gold nanorods. Because our method deposits the 
components of the MOF in a truly layer-by-layer fashion, it allows for subnanometer control 
over shell thickness. We demonstrate that in order to synthesize conformal MOF shells, it is 
crucial to functionalize the gold nanorod surface with ligands onto which the MOF precursors 
adsorb strongly. Also, by using the conjugate base of the organic linker, we show that controlling 
the surface charge during synthesis can prevent aggregation.  
 
4.2 Introduction 
 There has been a recent surge in research on materials that incorporate both metal-
organic frameworks (MOFs) and nanoparticles. Interest in MOFs, which consist of metal-
containing hubs linked together by organic ligands, often stems from their porous structures that 
lend themselves to a wide variety of applications including gas storage, separations, and 
catalysis, among others.1 While inroads have been made to combine MOFs with nanoparticles 
                                                
4 This chapter was reproduced from a manuscript in preparation for publication. 
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comprised of a variety of materials, plasmonic nanoparticles like gold nanorods (AuNRs) are 
particularly interesting because of their distinct optical properties. With the ability to tune their 
plasmons, AuNRs have shown great promise for their use in applications ranging from 
sensing,2,3 to imaging,4 and even photothermal therapy.5 Gold nanorods are also popular for the 
versatility of their surface chemistry, which can readily be modified to suit many different 
chemical environments.6 Hybrid materials of plasmonic nanoparticles and MOFs are promising 
for applications such as sensing7,8 and catalysis.9 MOFs are already being considered for drug 
delivery10 or to adsorb heavy metals.11 Because of plasmonic heating, it may be possible to use 
light to control the adsorption and desorption of molecules12 from the pores of hybrid materials 
of noble metal nanoparticles and MOFs. A number of strategies have been employed to develop 
hybrid nanoparticle and MOF materials.13 For example, in some methods, nanoparticles are 
added to MOFs by mechanically grinding the solids together,14 or nanoparticles or nanoparticle 
precursors in solution to adsorb are allowed to or penetrate the MOF.15 Even using vapor-phase 
methods to allow the nanoparticle precursors to enter into the MOF pores.16 Colloidal syntheses 
start with nanoparticles that are subsequently enveloped by MOF. For some preparations, 
nanoparticles are simply added to MOF precursors allowing the MOF to form around the 
nanoparticles,17,18 while other syntheses template MOF growth using surface-bound surfactants 
on the nanoparticles19 or even by coating nanoparticles with MOF precursors followed by 
chemical transformation to form the MOF.20,21 While many of these methods for coating 
nanoparticles with MOF shells allow only limited control over the morphology of the shell, 
recently layer-by-layer (LbL) methods for the synthesis of MOF shells has emerged as an 
alternative that affords greater control over shell thickness.22,23 First demonstrated on flat Au 
surfaces functionalized by self-assembled monolayers (SAMs) of COOH-terminated 
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alkanethiols,24,25 the LbL synthesis of a MOF film is accomplished by alternately exposing the 
surface to solutions of metal ions and organic linkers. The process is analogous to that used for 
coating nanoparticles with polyelectrolytes by alternating additions of positively and negatively 
charged polyelectrolytes,26 a technique that affords precise control over the thickness of polymer 
shells surrounding nanoparticles.27 Despite the potential to control the morphology of MOF 
shells on NPs using LbL techniques, limitations of previously reported LbL MOF shell synthesis 
includes poor control over the morphology of the resulting shells and aggregation that worsens 
with the number of MOF layers added. Here, we report an improved LbL synthesis of MOF 
shells on AuNRs that allows precise control over the thickness of conformal MOF shells on 




 Chloroauric acid (HAuCl4), 99.9%; hydroquinone, 99%; cetyltrimethylammonium 
bromide (CTAB) 99%; silver nitrate (AgNO3), 99%; sodium borohydride (99%). Copper(II) 
acetate (Cu(OAc)2), 98%; 1,3,5-benzenetricarboxylic acid (BTC), 95%; tetramethylammonium 
hydroxide solution, 1.0 M electrochemical grade; and 11-mercaptoundecanoic acid (MUA), 95% 
were purchased from Sigma-Aldrich. Thiolated poly(ethylene glycol) (PEG-SH) 5000 M.W. was 
purchased from NanoCS. ACS reagent grade sodium hydroxide (NaOH) was purchased from 
Fisher Scientific. Ethanol (EtOH), 200 proof, used purchased from Decon Labs Inc., and used 





4.3.2 Synthesis of Gold Nanorods 
 To synthesize our gold nanorods, we adapted the methods described by Vigderman and 
Zubarev.28 For CTAB-capped gold seeds, a seed solution was prepared by adding 500 µL 0.01 M 
chloroauric acid (HAuCl4) to 9.5 mL 0.1 M CTAB. While stirring the seed solution rapidly, 460 
µL of freshly prepared, ice-cold 0.1 M sodium borohydride (NaBH4) in 0.01 M NaOH was 
quickly added. The seed solution color changed to dark brown immediately following the 
addition of NaBH4. The seeds were aged for 1 hour before use. To prepare large batches of 
nanorods, it is sometimes necessary to have more than 10 mL of seeds; to prepare additional 
seeds, we simply repeated the steps above to make another batch of CTAB-capped gold seeds. 
 On a 1 L scale, the AuNR growth solution was prepared by adding 1.3 mL of 0.1 M 
AgNO3 to 950 mL of 0.1 M CTAB followed by 50 mL of 0.01 M HAuCl4 with stirring. Then, 50 
mL of 0.1 M hydroquinone was added and the solution was stirred until it turned colorless 
followed by the addition of 16 mL of CTAB-capped gold seeds. The growth solution was stored 
overnight at 27 °C. The nanorods were purified by centrifugation at 8 000 rcf for 20 minutes. 
After discarding the supernatant, the AuNRs were redispersed in nanopure water and stored at 
room temperature until use. 
 
4.3.3 Nanorod Surface Functionalization: 
 CTAB capped nanorods were further purified by an additional round of centrifugation at 
8 000 rcf. For ligand exchange, the supernatant was discarded and the AuNRs were dispersed in 
nanopure water to a concentration of 1 nM. On a 40 mL scale, CTAB was exchanged for PEG-
SH (MW 5,000 Da) by adding 1 mL of 50 mg/mL PEG-SH to the 40 mL solution of 1 nM 
nanorods. The solution was gently shaken overnight. To purify the nanorods, they were 
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centrifuged at 8 000 rcf for 30 minutes, the supernatant was discarded, and the pellet was 
dispersed in 40 mL water. The AuNRs were centrifuged a second time; however, the pellet was 
only dispersed in 20 mL water. Then, 2 mL of 0.1 M NaOH was added to the nanorods, along 
with 4 mL of 20 mM ethanolic MUA. Lastly, the nanorod solution was diluted to 40 mL with 
water and shaken gently overnight. To purify the nanorods, they were centrifuged at 8 000 rcf for 
30 minutes, the supernatant was discarded and the pellet was dispersed back in water and 2 mL 
of 0.1 M NaOH such that the total volume was 40 mL. 
 
4.3.4 Tetramethylammonium 1,3,5-benzenetricarboxylate Salt Preparation: 
 The tetramethylammonium 1,3,5-benzenetricarboxylate salt (TMA-BTC) was prepared 
by adding stoichiometric amounts of BTC to 1.0 M tetramethylammonium hydroxide. After 
dissolving the BTC, the solution was stirred for one hour. Once dissolved, the stir bar was 
removed and TMA-BTC was recovered by lyophilizing the solution, after which a white powder 
remained. The powder was analyzed by ATR-FTIR. Individual peak designations were 
confirmed from previously reported results.29,30  
 
4.3.5 Layer-by-Layer HKUST-1 deposition: 
Our methods for layer-by-layer synthesis of MOF shells on gold nanorods were adapted and 
modified previously reported procedures for layer-by-layer MOF deposition.22,23,25,31 On a 1 mL 
scale, 1 mL aliquots of 1 nM MUA-functionalized nanorods were dispensed into the desired 
number of microcentrifuge tubes (i.e. to deposit 20 layers, use 20 microcentrifuge tubes). Prior to 
adding the first layer in the MOF shell synthesis the MUA nanorods were centrifuged at 8 000 
rcf for 30 minutes, the supernatants were discarded, the pellets were dispersed in 1 mL of water. 
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Centrifugation was repeated a second time after which the pellets were dispersed in 0.5 mL of 
ethanol. Then 0.5 mL of 20 mM copper(II) acetate was added, the tubes were inverted, and 
incubated for 10 minutes. After the elapsed 10 minutes, the tubes were centrifuged at 2 000 rcf 
for 30 min to remove excess copper(II) acetate. For each copper layer, there were three rounds of 
centrifugation. For the first round, the pellets were dispersed in ethanol and centrifuged at 2 000 
rcf for 30 minutes. In the second round, the pellets were each dispersed in 1 mL ethanol and then 
centrifuged at 500 rcf for 90 min. This slow speed centrifugation was done for each copper layer 
and was necessary to remove free MOF particles from HKUST-1 coated AuNRs. Then, the 
AuNRs were centrifuged again at 2 000 rcf for 30 min. After the third round of centrifugation, 
the supernatants were discarded and the pellets were dispersed in 0.5 mL ethanol. Then 0.5 mL 
of 20 mM TMA+BTC- salt added in ethanol was added, the contents were mixed then briefly 
sonicated, and allowed to stand for 10 minutes. Excess TMA+BTC- salt was removed by three 
rounds of centrifugation at 2 000 rcf for 30 minutes. After the third round of centrifugation, the 
AuNRs were each dispersed in 0.5 mL of ethanol, such that the next copper addition could be 
started by adding 0.5 mL of 20 mM copper(II) acetate  in ethanol. These steps were repeated to 
produce the desired number of layers. After each layer, one of the microfuge tubes containing 1 
mL of 1 nM HKUST-1 coated AuNRs was saved for analysis. 
 
4.3.6 Scale-Up Method for Layer-by-Layer Process: 
To scale up the synthesis, 18 mL of 20 nM MUA-functionalized AuNRs were separated into 1 
mL aliquots in microcentrifuge tubes. To remove excess MUA, the AuNRs were centrifuged at 
8 000 rcf for 30 minutes, the supernatants were discarded, the pellets were dispersed in 1 mL of 
water each. Centrifugation was repeated a second time but after removing the supernatant the 
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pellets were dispersed in 0.5 mL of ethanol. For the copper layers, 0.5 mL of 50 mM copper(II) 
acetate in ethanol was added, the contents of the tubes were mixed and sonicated, and were 
allowed to stand for 10 minutes. Excess Cu(OAc)2 was removed via centrifugation at 2 000 rcf 
for 15 min to remove excess copper(II) acetate. The supernatants were discarded and each pellet 
was dispersed in 1 mL ethanol. This was followed by a second round of centrifugation at 500 rcf 
for 90 min to separate free MOF particles, and a third round of centrifugation at 2 000 rcf for 15 
min. After the last round of centrifugation, the pellets were each dispersed in 0.5 mL ethanol. 
Then 0.5 mL of 50 mM TMA+BTC- salt was added to each tube, the contents of each tube was 
mixed and sonicated then allowed to stand for 10 minutes. Excess TMA+BTC- salt was removed 
by three rounds of centrifugation at 2 000 rcf for 15 minutes. After the last round of 
centrifugation, the pellets were dispersed in 0.5 mL of ethanol each in preparation for the next 
copper addition. These steps were repeated for the desired number of layers. 
 
4.3.7 Instrumentation 
 UV-Vis extinction spectra were measured using a Cary 5000 UV-vis-NIR 
spectrophotometer. ζ-potentials were measured using a Brookhaven ZetaPals and/or a Malvern 
Zetasizer Nano ZS. Powder X-ay diffraction (XRD) was measured using a Bruker D8 Venture 
Duo. Nitrogen adsorption measurements were carried out on a Nova 2200e Surface Area and 
Pore Analyzer. ATR-FTIR measurements were collected on a Nicolet Nexus 670 spectrometer 
equipped with a germanium crystal plate. Transmission electron microscopy was carried out on a 
JEOL 2010 LaB6 or 2100 Cryo LaB6 operated at 200 kV. STEM-EDS element line scans were 
measured on a JEOL 2010F. All sizing analysis was done using ImageJ, for nanorod sizing a 





4.4 Results and Discussion 
 We chose to use the MOF HKUST-1, a well-studied MOF that has been used extensively 
in previous LbL MOF syntheses.25,31,32 In our method, summarized in Scheme 1, CTAB-capped 
AuNRs were functionalized with 11-mercaptoundecanoic acid (MUA) then coated with MOF by 
alternating additions of Cu(OAc)2 and the tetramethylammonium salt of 1,3,5-
benzenetricarboxylate ((N(CH3)4)3BTC). The resulting shells, as shown in Figure 4.1a-f, were 
conformal and uniform. It was found that the thickness of the shells increased linearly with the 
number of layers added (Figure 4.1g)—a layer being either the addition of Cu(OAc)2 or BTC. 
The intercept of the regression line in Figure 4.1g, 1.5 ± 0.2 nm, agrees well with the 
experimental measurements of the thickness of SAMs of MUA on gold.33 The slope of the 
regression line was 0.178 ± 0.014 nm per layer. Considering the structure of HKUST-1,34 the 
increase in shell thickness per layer is somewhat lower than expected. This may be due to 
structural differences between our MOF shells and bulk HKUST-1, but it may also be due to 
beam damage during imaging as MOFs are susceptible to electron beam damage.35 
 To verify that our AuNRs were coated with HKUST-1, we analyzed them using STEM-
EDS, ATR-FTIR, and powder XRD. Figure 4.2a shows a dark-field STEM image of HKUST-1 
coated AuNRs. Line scans for copper and gold along the red line in Figure 4.2a indicated a thin, 
copper-containing shell around a gold core (Figure 4.2b). The ATR-FTIR spectrum of HKUST-1 
coated AuNRs closely matched that for bulk HKUST-1 (Figure 4.2c). Likewise, powder X-ray 
diffraction (XRD) of HKUST-1 coated AuNRs (Figure 4.2d) indicated the presence of HKUST-
1 in addition to gold. While the broad peak near 8˚ is indicative of amorphous material, small 
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peaks matching the theoretical pattern for HKUST-1 are also present.34 The weak intensities for 
the broad HKUST-1 peaks are similar to previously reported powder XRD patterns for thin MOF 
shells on nanoparticles.22 
 We found that surface functionalization of the AuNRs is critical to ensure uniform 
growth of the MOF shell. MOF thin films prepared using LbL techniques have been reported on 
a number of different surfaces including silica,31 self-assembled monolayers of alkanethiols on 
gold,24 and polymer coated gold.23 In order to foster the growth of a LbL MOF film on a surface, 
it must possess functional groups that can bind to the MOF.36 Despite all of the reported LbL 
syntheses of MOFs on different surfaces, we observed pronounced differences in the resulting 
MOFs on AuNRs depending on the surface chemistry. For example, following Shekhah and 
coworker’s success growing both HKUST-1 and ZIF-8 on silica,31 we prepared silica-coated 
AuNRs using a previously published procedure37 as a substrate for LbL HKUST-1 synthesis. 
Although we observed the growth of HKUST-1 on the silica shell after 10 layers, TEM analysis 
revealed that it grew as islands rather than as a thin film (Figure 4.3a) in contrast to the uniform 
HKUST-1 shell that was observed after 10 layers of LbL synthesis on MUA-functionalized 
AuNRs (Figure 4.3b). While these examples of Volmer-Weber and Frank-van der Merwe growth 
on nanoparticles can be understood by considering the relative strengths of the interaction of 
Cu2+ with silanols versus carboxylates, the implications for MOF shell morphology underscore 
the importance of the surface chemistry to the morphology. The effect of nanoparticle surface 
functionalization may explain, in part, the differences in the morphology of the LbL MOF shells 
reported by Liao, et al.23 compared to those of Ke, et al.22 Although both groups report the LbL 
synthesis of MIL-100 on gold nanoparticles, the shells synthesized by Ke, et al. appear smoother 
and more uniform. Ke and coworkers functionalized their gold nanoparticles with mercaptoacetic 
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acid22 while Liao, et al. prepared their gold nanoparticles by wrapping them with 
polyvinylpyrrolidone.23  
 Among the problems that arise while coating NPs with MOF using LbL methods, 
aggregation is one of the most significant. While the step-by-step addition of metal and linker 
allows for unprecedented control over shell thickness, the potentially large number of synthetic 
steps can exacerbate even relatively small amounts of aggregation as the effects accumulate over 
all of the cycles. Often in the synthesis of LbL MOF films, carboxylate-functionalized organic 
linkers are added as their conjugate acids; however, we observed that aggregation seemed to be 
particularly problematic after adding H3BTC. We suggest that the cause of aggregation is that 
our MOF-coated nanoparticles are electrostatically stabilized. When H3BTC is is added, the 
carboxylic acids on the surface of the HKUST-1 shell remained protonated until the next 
Cu(OAc)2 addition. To improve the electrostatic stability of the AuNRs after BTC additions, we 
instead used (N(CH3)4)3BTC so that the shell would have a net negative charge. Measurements 
of the ζ-potential of the HKUST-1 coated AuNRs after each layer clearly show that when 
H3BTC is added (Figure 4.4a) the surface charge is near neutral, carrying only a slight positive 
charge, while additions of (N(CH3)4)3BTC cause the ζ-potential to become negative (Figure 
4.4b). The improvement in the colloidal stability when using (N(CH3)4)3BTC over H3BTC for 
coating AuNRs in HKUST-1 is evident in their UV-Vis spectra. In Figure 4.4c, normalized UV-
Vis spectra of HKUST-1 coated nanorods are shown after 1 layer of synthesis and after 18 layers 
of synthesis using H3BTC while the same in shown in Figure 4.4d for HKUST-1 shells made 
with (N(CH3)4)3BTC. Compared to AuNRs with HKUST-1 shells made with H3BTC, the UV-
Vis spectrum of AuNRs with HKUST-1 shells synthesized using (N(CH3)4)3BTC after 18 layers 
shows less broadening of the longitudinal LSPR, indicating less aggregation.  
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 We also found that using slower centrifugation speeds also decreased aggregation. The 
formation of free MOF nanoparticles often coincided with particle aggregation. In order to 
prevent free MOF NPs from forming, it was necessary to purify the AuNRs in EtOH between 
additions of the MOF precursors by centrifugation. Even with three rounds of centrifugation 
between layers, free MOF NPs were still observed when HKUST-1 coated AuNRs were 
analyzed using TEM. When the HKUST-1 coated AuNRs were centrifuged at speeds less than 
2 000 rcf, though, we found that the number of free MOF nanoparticles observed in TEM was 
reduced, indicating that it is possible to selectively collect the AuNRs while leaving many of the 
free MOF nanoparticles in the supernatant.  
 The BET surface area calculated from the N2 adsorption isotherm of HKUST-1 coated 
AuNRs (Figure 4.5) was found to be 26 m2•g-1, which is considerably lower than previously 
reported BET surface areas for HKUST-1 that typically fall between 850-1400 m2•g-1.38-40 Our 
relatively small BET surface area could indicate that the shells are amorphous and therefore are 
not as porous as typical sample of HKUST-1.41 Consider, though, that the bulk of the mass of 
HKUST-1 coated nanorods is in their gold cores. The HKUST-1 coated AuNRs consist of 89 ± 
10 by 24 ± 4 nm AuNRs with HKUST-1 shells ~5 nm thick. Neglecting the contribution of the 
gold to the mass of the nanorods gives a surface area of ~1200 m2•g-1, which is comparable to 
experimental measurements of the BET surface area of HKUST-1. Given the mass of metal 
nanoparticle cores, BET surface areas in the hundreds or even thousands of square meters per 
gram for MOF coated NPs that have been reported in the literature are somewhat dubious.23 In 
light of the previously mentioned difficulty in removing free MOF nanoparticles, we suggest that 
such measurements may reflect not only the MOF shells, but also free MOF nanoparticles. 
Similarly, it is also likely that free MOF nanoparticles contribute to power XRD patters of MOF 
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coated NPs, making it difficult to distinguish whether peaks are due to the shells or to free MOF. 
 
4.5 Conclusion 
 In summary, we have presented improved methodology for LbL synthesis of MOF shells 
on AuNRs. Our protocols allow for precise control over the thickness of an HKUST-1 shell on 
gold nanorods by changing the number of layers added. We demonstrated the importance of 
choosing the appropriate surface functionalization on the AuNRs to ensure the growth of 
conformal and uniform MOF shells and have shown that SAMs of carboxylate-terminated 
alkanethiols are effective for facilitating the growth of conformal HKUST-1 shells. By using the 
tetramethylammonium salt of BTC, we improved the colloidal stability of the HKUST-1 coated 
nanorods during synthesis, which—along with slowing down the centrifugation speeds—
decreased aggregation.  
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4.7 Scheme and Figures 







Figure 4.1. TEM images of AuNRs after (a) 4, (b) 8, (c) 12, (d) 16, (e) 20, and (f) 24 layers of 
LbL HKUST-1 shell synthesis. (g) MOF shell thickness from TEM analysis plotted against the 




Figure 4.2. (a) A dark-field STEM image of HKUST-1 coated AuNRs. Scale bar is 50 nm. (b) 
STEM-EDS lines scans were taken for copper (red) and gold (black) along the red line in (a). (c) 
ATR-FTIR spectra for HKUST-1 (black) and HKUST-1 coated AuNRs (red). The spectrum for 
the HKUST-1 coated AuNRs is offset by 75%. *Bands near 2300 cm-1 are due to CO2. (d) The 
powder XRD pattern for HKUST-1 coated AuNRs (black) is compared to the theoretical powder 





Figure 4.3. TEM images of (a) silica coated AuNRs and (b) a MUA-functionalized AuNR after 
10 layers of LbL HKUST-1 synthesis. On silica, the MOF grows as islands (red arrow) while on 





Figure 4.4. ζ-potentials of HKUST-1 coated AuNRs are plotted against the number of layers 
added for syntheses using (a) H3BTC and (b) (N(CH3)4)3BTC. Odd layers correspond to 
Cu(OAc)2 additions and even to BTC additions. UV-Vis spectra after 1 (black) and 18 (red) 











(1) Furukawa, H.; Cordova, K. E.; O'Keeffe, M.; Yaghi, O. M. The Chemistry and 
Applications of Metal-Organic Frameworks. Science 2013, 341 (6149), 1230444. 
(2) Mayer, K. M.; Lee, S.; Liao, H.; Rostro, B. C.; Fuentes, A.; Scully, P. T.; Nehl, C. L.; 
Hafner, J. H. A Label-Free Immunoassay Based Upon Localized Surface Plasmon 
Resonance of Gold Nanorods. ACS Nano 2008, 2 (4), 687–692. 
(3) Han, X.; Liu, Y.; Yin, Y. Colorimetric Stress Memory Sensor Based on Disassembly of 
Gold Nanoparticle Chains. Nano Lett. 2014, 14 (5), 2466–2470. 
(4) Durr, N. J.; Larson, T.; Smith, D. K.; Korgel, B. A.; Sokolov, K.; Ben-Yakar, A. Two-
Photon Luminescence Imaging of Cancer Cells Using Molecularly Targeted Gold 
Nanorods. Nano Lett. 2007, 7 (4), 941–945. 
(5) Chen, H.; Shao, L.; Li, Q.; Wang, J. Gold Nanorods and Their Plasmonic Properties. 
Chem. Soc. Rev. 2013, 42 (7), 2679–2724. 
(6) Burrows, N. D.; Lin, W.; Hinman, J. G.; Dennison, J. M.; Vartanian, A. M.; Abadeer, N. 
S.; Grzincic, E. M.; Jacob, L. M.; Li, J.; Murphy, C. J. Surface Chemistry of Gold 
Nanorods. Langmuir 2016, 32 (39), 9905–9921. 
(7) Fu, X.; Lv, R.; Su, J.; Li, H.; Yang, B.; Gu, W.; Liu, X. A Dual-Emission Nano-Rod 
MOF Equipped with Carbon Dots for Visual Detection of Doxycycline and Sensitive 
Sensing of MnO4−. RSC Adv. 2018, 8, 4766–4772. 
(8) Koh, C. S. L.; Lee, H. K.; Han, X.; Sim, H. Y. F.; Ling, X. Y. Plasmonic Nose: 
Integrating the MOF-Enabled Molecular Preconcentration Effect with a Plasmonic Array 
for Recognition of Molecular-Level Volatile Organic Compounds. Chem. Commun. 
2018, 54 (20), 2546–2549. 
(9) Xiao, J.-D.; Han, L.; Luo, J.; Yu, S.-H.; Jiang, H.-L. Integration of Plasmonic Effects and 
Schottky Junctions Into Metal-Organic Framework Composites: Steering Charge Flow 
for Enhanced Visible-Light Photocatalysis. Angew. Chem. Int. Ed. 2018, 57, 1103-1107. 
(10) Wang, L.; Zheng, M.; Xie, Z. Nanoscale Metal–Organic Frameworks for Drug Delivery: 
a Conventional Platform with New Promise. J. Mater. Chem. B 2018, 6 (10), 707-717. 
(11) Efome, J. E.; Rana, D.; Matsuura, T.; Lan, C. Q. Metal–Organic Frameworks Supported 
on Nanofibers to Remove Heavy Metals. J. Mater. Chem. A 2018, 6 (10), 4550–4555. 
(12) Lin, W.; Murphy, C. J. A Demonstration of Le Chatelier’s Principle on the Nanoscale. 
ACS Cent. Sci. 2017, 3 (10), 1096–1102. 
(13) Kobayashi, H.; Mitsuka, Y.; Kitagawa, H. Metal Nanoparticles Covered with a Metal-
Organic Framework: From One-Pot Synthetic Methods to Synergistic Energy Storage 
and Conversion Functions. Inorg. Chem. 2016, 55 (15), 7301–7310. 
 
 112 
(14) Jiang, H.-L.; Liu, B.; Akita, T.; Haruta, M.; Sakurai, H.; Xu, Q. Au@ZIF-8: CO 
Oxidation Over Gold Nanoparticles Deposited to Metal−Organic Framework. J. Am. 
Chem. Soc. 2009, 131 (32), 11302–11303. 
(15) Liu, H.; Liu, Y.; Li, Y.; Tang, Z.; Jiang, H. Metal−Organic Framework Supported Gold 
Nanoparticles as a Highly Active Heterogeneous Catalyst for Aerobic Oxidation of 
Alcohols. J. Phys. Chem. C 2010, 114 (31), 13362–13369. 
(16) Hermes, S.; Schröter, M.-K.; Schmid, R.; Khodeir, L.; Muhler, M.; Tissler, A.; Fischer, 
R. W.; Fischer, R. A. Metal@MOF: Loading of Highly Porous Coordination Polymers 
Host Lattices by Metal Organic Chemical Vapor Deposition. Angew. Chem. Int. Ed. 
2005, 44 (38), 6237–6241. 
(17) Na, K.; Choi, K. M.; Yaghi, O. M.; Somorjai, G. A. Metal Nanocrystals Embedded in 
Single Nanocrystals of MOFs Give Unusual Selectivity as Heterogeneous Catalysts. 
Nano Lett. 2014, 14 (10), 5979–5983. 
(18) Zeng, J.-Y.; Wang, X.-S.; Zhang, M.-K.; Li, Z.-H.; Gong, D.; Pan, P.; Huang, L.; Cheng, 
S.-X.; Cheng, H.; Zhang, X.-Z. Universal Porphyrinic Metal-Organic Framework Coating 
to Various Nanostructures for Functional Integration. ACS Appl. Mater. Interfaces 2017, 
9 (49), 43143–43153. 
(19) Hu, P.; Zhuang, J.; Chou, L.-Y.; Lee, H. K.; Ling, X. Y.; Chuang, Y.-C.; Tsung, C.-K. 
Surfactant-Directed Atomic to Mesoscale Alignment: Metal Nanocrystals Encased 
Individually in Single-Crystalline Porous Nanostructures. J. Am. Chem. Soc. 2014, 136 
(30), 10561–10564. 
(20) Khaletskaya, K.; Reboul, J.; Meilikhov, M.; Nakahama, M.; Diring, S.; Tsujimoto, M.; 
Isoda, S.; Kim, F.; Kamei, K.-I.; Fischer, R. A.; et al. Integration of Porous Coordination 
Polymers and Gold Nanorods Into Core–Shell Mesoscopic Composites Toward Light-
Induced Molecular Release. J. Am. Chem. Soc. 2013, 135 (30), 10998–11005. 
(21) Zhao, Y.; Kornienko, N.; Liu, Z.; Zhu, C.; Asahina, S.; Kuo, T.-R.; Bao, W.; Xie, C.; 
Hexemer, A.; Terasaki, O.; et al. Mesoscopic Constructs of Ordered and Oriented Metal–
Organic Frameworks on Plasmonic Silver Nanocrystals. J. Am. Chem. Soc. 2015, 137 (6), 
2199–2202. 
(22) Ke, F.; Zhu, J.; Qiu, L.-G.; Jiang, X. Controlled Synthesis of Novel Au@MIL-100(Fe) 
Core–Shell Nanoparticles with Enhanced Catalytic Performance. Chem. Commun. 2013, 
49 (13), 1267–1269. 
(23) Liao, J.; Wang, D.; Liu, A.; Hu, Y.; Li, G. Controlled Stepwise-Synthesis of Core–Shell 
Au@MIL-100 (Fe) Nanoparticles for Sensitive Surface-Enhanced Raman Scattering 
Detection. Analyst 2015, 140 (24), 8165–8171. 
(24) Shekhah, O.; Wang, H.; Strunskus, T.; Cyganik, P.; Zacher, D.; Fischer, R.; Wöll, C. 
Layer-by-Layer Growth of Oriented Metal Organic Polymers on a Functionalized 
Organic Surface. Langmuir 2007, 23 (14), 7440–7442. 
 
 113 
(25) Shekhah, O.; Wang, H.; Kowarik, S.; Schreiber, F.; Paulus, M.; Tolan, M.; Sternemann, 
C.; Evers, F.; Zacher, D.; Fischer, R. A.; et al. Step-by-Step Route for the Synthesis of 
Metal−Organic Frameworks. J. Am. Chem. Soc. 2007, 129 (49), 15118–15119. 
(26) Gole, A.; Murphy, C. J. Polyelectrolyte-Coated Gold Nanorods:  Synthesis, 
Characterization and Immobilization. Chem. Mater. 2005, 17 (6), 1325–1330. 
(27) Gandra, N.; Portz, C.; Tian, L.; Tang, R.; Xu, B.; Achilefu, S.; Singamaneni, S. Probing 
Distance-Dependent Plasmon-Enhanced Near-Infrared Fluorescence Using 
Polyelectrolyte Multilayers as Dielectric Spacers. Angew. Chem. Int. Ed. 2014, 53 (3), 
866–870. 
(28) Vigderman, L.; Zubarev, E. R. High-Yield Synthesis of Gold Nanorods with 
Longitudinal SPR Peak Greater Than 1200 Nm Using Hydroquinone as a Reducing 
Agent. Chem. Mater. 2013, 25 (8), 1450–1457. 
(29) Mahalakshmi, G.; Balachandran, V. FT-IR and FT-Raman Spectra, Normal Coordinate 
Analysis and Ab Initio Computations of Trimesic Acid. Spectrochim. Acta, Part A 2014, 
124, 535–547. 
(30) Kandhaswamy, M. A.; Srinivasan, V. Synthesis and Characterization of 
Tetraethylammonium Tetrachlorocobaltate Crystals. Bull. Mater. Sci. 2002, 25 (1), 41–
45. 
(31) Shekhah, O.; Fu, L.; Sougrat, R.; Belmabkhout, Y.; Cairns, A. J.; Giannelis, E. P.; 
Eddaoudi, M. Successful Implementation of the Stepwise Layer-by-Layer Growth of 
MOF Thin Films on Confined Surfaces: Mesoporous Silica Foam as a First Case Study. 
Chem. Commun. 2012, 48 (93), 11434–11434. 
(32) Nan, J.; Dong, X.; Wang, W.; Jin, W.; Xu, N. Step-by-Step Seeding Procedure for 
Preparing HKUST-1 Membrane on Porous Α-Alumina Support. Langmuir 2011, 27 (8), 
4309–4312. 
(33) Mendoza, S. M.; Arfaoui, I.; Zanarini, S.; Paolucci, F.; Rudolf, P. Improvements in the 
Characterization of the Crystalline Structure of Acid-Terminated Alkanethiol Self-
Assembled Monolayers on Au(111). Langmuir 2007, 23 (2), 582–588. 
(34) Chui, S. S. Y.; Lo, S. M. F.; Charmant, J. P. H.; Orpen, A. G.; Williams, I. D. A 
Chemically Functionalizable Nanoporous Material [Cu3(TMA)2(H2O)3]n. Science 1999, 
283 (5405), 1148–1150. 
(35) Zhang, D.; Zhu, Y.; Liu, L.; Ying, X.; Hsiung, C.-E.; Sougrat, R.; Li, K.; Han, Y. 
Atomic-Resolution Transmission Electron Microscopy of Electron Beam-Sensitive 
Crystalline Materials. Science 2018, 359 (6376), 675–679. 
(36) Shekhah, O.; Liu, J.; Fischer, R. A.; Wöll, C. MOF Thin Films: Existing and Future 
Applications. Chem. Soc. Rev. 2011, 40 (2), 1081–27. 
 
 114 
(37) Abadeer, N. S.; Brennan, M. R.; Wilson, W. L.; Murphy, C. J. Distance and Plasmon 
Wavelength Dependent Fluorescence of Molecules Bound to Silica-Coated Gold 
Nanorods. ACS Nano 2014, 8 (8), 8392–8406. 
(38) Aprea, P.; Caputo, D.; Gargiulo, N.; Iucolano, F.; Pepe, F. Modeling Carbon Dioxide 
Adsorption on Microporous Substrates: Comparison Between Cu-BTC Metal−Organic 
Framework and 13X Zeolitic Molecular Sieve. J. Chem. Eng. Data 2010, 55 (9), 3655–
3661. 
(39) Lin, K.-S.; Adhikari, A. K.; Ku, C.-N.; Chiang, C.-L.; Kuo, H. Synthesis and 
Characterization of Porous HKUST-1 Metal Organic Frameworks for Hydrogen Storage. 
Int. J. Hydrogen Energy 2012, 37 (18), 13865–13871. 
(40) Jabbari, V.; Veleta, J. M.; Zarei-Chaleshtori, M.; Gardea-Torresdey, J.; Villagrán, D. 
Green Synthesis of Magnetic MOF@GO and MOF@CNT Hybrid Nanocomposites with 
High Adsorption Capacity Towards Organic Pollutants. Chem. Eng. J. 2016, 304, 774–
783. 
(41) Jiang, Y.; Zhang, X.; Dai, X.; Sheng, Q.; Zhuo, H.; Yong, J.; Wang, Y.; Yu, K.; Yu, L.; 
Luan, C.; et al. In Situ Synthesis of Core–Shell Pt–Cu Frame@Metal–Organic 
Frameworks as Multifunctional Catalysts for Hydrogenation Reaction. Chem. Mater. 





CHAPTER 5: ULTRASONIC NEBULIZATION FOR TEM SAMPLE 




 Advances in transmission electron microscopy (TEM) are rapidly improving researchers’ 
ability to probe the morphology, structure, and chemistry of nanoparticles. Growth in the field 
has prompted a need for methods of TEM sample preparation that give better control over the 
distribution of nanoparticles on the TEM grid and are more compatible with novel support 
materials. We show that ultrasonic spray coating using ultrasonic nebulization evenly deposits 
nanoparticles on a TEM grid without the drying artifacts that are often caused by drop-casting. 
Spray coating is even suitable for preparing TEM samples on fragile support materials like 
graphene that are likely to rupture when samples are prepared by drop-casting. Furthermore, we 
show that because ultrasonic nebulization produces uniform droplets, nanoparticles deposited by 
spray coating occur on the TEM grid in clusters whose size is dependent on the concentration of 
the nanoparticle dispersion, which may allow the concentration of nanoparticle dispersions to be 
estimated using TEM. 
 
5.2 Introduction 
 Transmission electron microscopy (TEM) is one of the most powerful and versatile tools 
for the analysis and characterization of nanomaterials. TEM is the gold standard for 
                                                
5 This chapter was reproduced from a manuscript in preparation for publication coauthored by 
Jordan J. Hinman. 
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characterizing nanoparticle morphology.1 While there are a number of techniques that have been 
developed to size nanoparticles,2 the ability to directly visualize nanoparticles with TEM sets it 
apart, especially for nonspherical nanoparticles.1-3 Beyond nanoparticle size and shape, 
visualizing nanoparticles with TEM has also proven to be important for studying the structure of 
nanoparticles.1,4,5 Through the use of techniques such as staining6 or cryo-TEM,1,7 it has even 
been possible to study the morphology of ligands and soft coatings on nanoparticles. Combining 
scanning TEM (STEM) with spectroscopic techniques such as energy dispersive spectroscopy 
(STEM-EDS)8 or electron energy loss spectroscopy (STEM-EELS)9 can reveal the spatial 
distribution of elements in nanoparticles or on their surfaces.10 In recent years, analytical TEM 
has been a booming field; the resolution and sensitivity of analytical TEM techniques are 
constantly, rapidly improving. 
 In contrast to the increasingly complex measurements available using analytical TEM, 
sample preparation of colloidal nanoparticles has remained quite simple. Most commonly 
dispersions of nanoparticles are drop-cast onto a thin film supported on a TEM grid and the 
solvent is allowed to evaporate.11,12 While drop-casting is perfectly suitable for most samples, it 
often introduces drying artifacts, with the nanoparticles tending to form aggregates—especially 
at the edge of the drying drop to form a “coffee-ring.”3,11,13,14 Besides making it difficult to 
distinguish nanoparticle aggregates formed during drying from those that were present in 
solution, drying effects can also introduce bias in the analysis of nanoparticles as drying can 
induce depletion forces between nanoparticles,15 causing similar nanoparticles to be found close 
to one another.16 Additionally, drop-casting is not suitable for every type of support film. For 
instance, graphene is emerging as an excellent support material for analytical TEM since it is 
only one atomic-layer thick, providing unparalleled contrast, allowing the analysis of 
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nanoparticles comprised of elements with low atomic numbers as well as the ligands on them.17 
Its well-defined thickness provides a background with known carbon density, allowing 
spectroscopic techniques like STEM-EELS to be performed quantitatively. Unfortunately, 
depositing water droplets on graphene can cause it to rupture.18 Therefore, drop-casting aqueous 
nanoparticles onto graphene coated TEM grids, which are often expensive and labor-intensive to 
produce, is often unpractical.  
Here we describe a technique for TEM sample preparation that utilizes ultrasonic 
nebulization to spray coat nanoparticles onto the TEM grid. Ultrasonic spray coating is a method 
that has been widely used to deposit particle and polymer coatings on surfaces.19-26 While a 
colloidal dispersion can be nebulized in a variety of ways, ultrasonic nebulization is a convenient 
method.27-30 In an ultrasonic nebulizer, a transducer generates an ultrasonic frequency in a liquid. 
At sufficiently high power, droplets are ejected from capillary waves on the surface of the liquid, 
generating a mist.31 Because the nanoparticles are deposited as an ultrafine mist, there are few 
nanoparticles per droplet, eliminating the drying artifacts that are associated with drop-casting. In 
this study, we demonstrate that spray coating can be used to prepare TEM samples of aqueous 
nanoparticles even on fragile supports like graphene. Furthermore, although it is usually not 
possible to measure nanoparticle concentration using TEM,2 since the droplets generated using 
ultrasound are reasonably uniform in size, we show that spray coating can enable the estimation 









Cetyltrimethylammonium bromide (CTAB), 99%, was purchased from Sigma. 
Chloroauric acid (HAuCl4 • 3H2O), 99.9%; tetraethyl orthosilicate (TEOS), 99.0%; and paraffin 
wax (mp 58-62 ˚C) were purchased from Aldrich. Sodium hydroxide (NaOH), silver nitrate 
(AgNO3), 99.0%; and hydroquinone, 99%, were purchased from Sigma Aldrich. Sodium 
borohydride (NaBH4), 99%, was purchased from Fluka. Methanol, 99.9%, was purchased from 
Fisher Scientific. Ethanol, 200 proof, was purchased from Decon Labs. All chemicals were used 
as received without further purification. Deionized water was purified by a Barnstead Nanopure 
II water purification system. 
 
5.3.2 Gold Nanorod Synthesis 
We adapted the methods described by Vigderman and Zubarev32 to synthesize gold 
nanorods (AuNRs). First, CTAB-capped gold seeds were prepared.  To 9.5 mL 0.10 M CTAB 
was added 500 µL 0.01 M chloroauric acid (HAuCl4). While stirring rapidly, 460 µL of freshly 
prepared, ice-cold 0.1 M sodium borohydride (NaBH4) in 0.010 M NaOH was quickly added. 
The seed solution changed color to dark brown immediately following the addition of NaBH4. 
The seeds were aged for 1 hour before use.  
A gold nanorod growth solution was prepared by adding 25 mL 0.010 M HAuCl4 to 475 
mL 0.10 M CTAB. While stirring gently, 0.75 mL 0.10 M AgNO3 was added followed by 25 mL 
0.10 M hydroquinone. The solution was stirred until it turned colorless, then 8 mL of CTAB-
capped gold seeds were added. The gold nanorod solution was allowed to stand overnight. The 
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resulting AuNRs were purified by centrifugation at 8 000 rcf for 30 min. The supernatants were 
removed and the pellets were dispersed in water.  
 
5.3.3 Silica Coating Gold Nanorods 
Silica coating was accomplished using our previously published procedures.4 To reduce 
the CTAB concentration even further, the CTAB-capped AuNRs were centrifuged again at 8 000 
rcf. After discarding the supernatant, the pellet was dispersed in water and an aliquot of 0.10 M 
CTAB was added to bring the CTAB concentration up to 0.8 mM. The AuNRs were allowed to 
stand in 0.8 mM CTAB overnight. To 10 mL of 1 nM CTAB-capped AuNRs in 0.8 mM CTAB 
was added 40 µL of 0.10 NaOH. The nanorods were shaken gently for 30 min. A 20 vol% 
solution of TEOS in methanol was prepared fresh and 90 µL was added to the AuNRs. The silica 
shells were allowed to grow overnight. Silica coated AuNRs were purified by centrifugation at 
8 000 rcf for 30 min. After discarding the supernatant, the silica coated AuNRs were dispersed in 
10 mL ethanol. This was followed by a second round of centrifugation at 7 000 rcf for 30 min 
after which the supernatant was discarded and the pellet was dispersed in 10 mL ethanol. 
 
5.3.4 Ultrasonic Nebulization for TEM Sample Preparation 
Figure 5.1 shows a diagram of the apparatus used to coat the nanoparticle solution onto a 
TEM grid. The nanoparticle solution is injected in a glass cell that is placed over an ultrasonic 
transducer operating at 1.65 MHz. The bottom of the cell is enclosed with a polymer membrane 
to facilitate the transfer of the ultrasound from the outer water bath to the inner nanoparticle 
solution. Nitrogen gas is flowed to at 0.5-1.0 L min-1 to carry the nebulized nanoparticle 
solution. A bump trap, horizontal drift tube, and a skimmer are employed to filter out large 
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droplets. The TEM grid to be coated is placed on a cleaned piece of silicon on the bottom of a 
sealed coating cell. A bubbler connected to the coating cell collects remaining airborne 
nanoparticles. 
For a typical coating procedure, 2 mL of the nanoparticle solution are placed in the 
nebulizing cell. Once the cell has been sealed and nitrogen gas flow started, the ultrasonic 
transducer is turned on to generate a mist. The transducer is kept on for 0.5-3 minutes, then the 
gas is kept flowing for 2 minutes after the transducer has been turned off to make sure no 
nebulized droplets remain in the apparatus.  
 
5.3.5 Instrumentation 
UV-Vis extinction spectra were collected using an Agilent Cary 5000 UV-Vis-NIR 
spectrophotometer. Transmission electron microscopy was carried out using JEOL 2100 Cryo 
and JEOL 2010 LaB6 microscopes operated at 200 kV. For scanning electron microscopy, an 
Hitachi S-4800 microscope was used. 
 
5.4 Results and Discussion 
To coat nanoparticles onto a TEM grid, we used an apparatus like that shown in the 
diagram in Figure 5.1. The nanoparticle dispersion is injected into a glass cell over an ultrasonic 
transducer. A polymer membrane on the bottom of the cell separates the nanoparticle dispersion 
from the water bath below while allowing the conduction of the ultrasound into the cell. In 
addition to the capillary waves, the ultrasonic irradiation also induces macroscopic disturbances 
in the nanoparticle solution, which may produce large droplets. Also, droplets may collide and 
coalesce in the thick mist produced. To filter out any larger droplets and splashes, a bump trap is 
 
 121 
placed over the nebulization cell. A carrier gas is used to convey the nebulized nanoparticle 
solution through the bump trap into a horizontal drift tube. At the end of the drift tube a conical 
skimmer further filters the droplets. The remaining droplets then flow down to deposit on a TEM 
grid. The carrier gas and any remaining suspended particles flow through a bubbler to collect the 
particles and prevent the release of the nanoparticle aerosol into the air. 
Using silica coated AuNRs in ethanol, we observed differences in surface coverage on 
TEM grids for samples prepared using our ultrasonic nebulization spray coating technique 
compared to drop-casting. TEM images showing typical nanoparticle distributions for drop-cast 
0.1 nM silica-coated AuNRs and spray coated 0.1 nM silica coated AuNRs are shown in Figure 
5.2a and b, respectively. Drop-casting results in irregular coverage on the TEM grid (Figure 
5.2a). Some regions in the sample have sparse coverage while in other areas the AuNRs are 
densely packed together. In the drop-cast sample, aggregates of nanoparticles that likely formed 
during the drying process are also apparent. In comparison, spray coating results in a random 
distribution of small clusters of nanoparticles. The density of coverage can be tuned by 
increasing or decreasing the time for spray coating. It should be noted that continuous spray 
coating for too long could wet the TEM grid, which can cause drying effects. Often it is better to 
increase spray coating time by implementing a series of short periods of spray coating followed 
by periods during which the nanoparticle dispersion is not being nebulized but the carrier gas 
still flows. 
Along with greater control over nanoparticle distribution on TEM samples, spray coating 
is also much less likely to cause ruptures in graphene TEM support films than drop-casting, 
especially for aqueous nanoparticle dispersions. Figure 5.3a and b show bright-field STEM 
images of CTAB-capped AuNRs and poly(ethylene glycol) methyl ether thiol (PEG-SH) capped 
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AuNRs on graphene. In a forthcoming publication, we take advantage of the low contrast 
background provided by graphene to make direct measurements of the carbon density using 
STEM-EELS on the surface of AuNRs with different surface ligands to better understand the 
distribution of ligands on the AuNR surface. While indirect methods have been used to probe the 
density of ligands on nanoparticle surfaces,33,34 spatially resolved ligand densities of the ligands 
on nanoparticles can be measured directly using STEM-EELS maps like those in Figure 5.3c and 
d. Because the background carbon density of the graphene is known, quantitative comparisons 
can be made between samples. Spray coating is also particularly useful for these kinds of studies 
because it is relatively easy to achieve high surface coverage of single nanoparticles on the TEM 
sample by diluting the nanoparticle dispersion and altering the spraying time. By averaging over 
many nanoparticles, it is possible to elucidate trends in ligand distribution that are general 
throughout a sample over those that are specific to single nanoparticles. 
On TEM grids prepared using our spray coating method, the number of nanoparticles in 
any given cluster is similar throughout the sample. This is due to the fact that the droplets 
resulting from the ultrasonic nebulization of a liquid have a uniform, well-defined size. The 
average diameter of the droplets D is proportional to the size of the surface capillary waves, 
dependent on the surface tension γ and density ρ of the liquid, as well as the frequency F of the 
ultrasound, as described in Lang’s equation:35 
 









For example, pure ethanol irradiated at 1.65 MHz has an average droplet diameter of about 2 µm. 
As the solvent in each droplet evaporates, either as it passes through the drift tube or after it is 
deposited on the TEM grid, the nanoparticles are drawn together in clusters. Because of 
uniformity in droplet size, the number of particles per droplet can be controlled by changing 
particle concentration, allowing the average size of the clusters deposited on the TEM grid to be 
tuned.  
 Conversely, by analyzing the number of particles in each cluster, it may be possible to 
estimate the concentration of ultrasonically nebulized nanoparticle solution. If we assume that 
the nanoparticles are randomly distributed throughout the solvent, then the average number 
density of nanoparticles per ultrasonically nebulized droplet should reflect the concentration of 
nanoparticles in the dispersion. We prepared several dilutions from a dispersion of silica coated 
AuNRs in ethanol with an estimated concentration of 1 nM. In Figure 5.4a the average cluster 
sizes observed for TEM samples prepared from each dilution are plotted against the 
concentration of each nanoparticle dilution. For each point in Figure 5.4a, the number of AuNRs 
in at least 30 clusters was counted. TEM images of typical clusters for each dilution are shown in 
Figure 5.4b-g. Despite relatively large standard deviations in the number of AuNRs per cluster, 
the average cluster sizes appear to vary linearly with AuNR concentration. Assuming that any 
differences in the density and surface tension of our dilute dispersions of silica coated AuNRs in 
ethanol are negligible compared to pure ethanol, then by Equation 5.1 the ultrasonically 
nebulized droplets of our dispersion should be approximately 2.2 µm in diameter, giving them a 
volume near 5.3 x 10-15 L. Therefore, the results of counting AuNRs per cluster in Figure 5.4a 
indicate that highest concentration AuNR dispersion has a concentration of 7.2 ± 0.5 nM, which 
is considerably higher than the estimated concentration of 1.0 nM. Our estimated concentration 
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was based on an extinction coefficient that had previously been found for AuNRs of similar size. 
To measure AuNR extinction coefficients, the preferred method involves comparing the UV-Vis 
extinction of the longitudinal localized surface plasmon resonance (LSPR) to the gold 
concentration determined by inductively couple plasma optical emission spectrometry (ICP-
OES) or ICP mass spectrometry (ICP-MS) and characterizing the AuNR dimensions using 
TEM.36,37  
 The distribution of cluster sizes for each of the samples measured can perhaps shed some 
light on possible sources of error in our measurements. In Figure 5.5, box-and-whisker plots are 
shown alongside the data from counting the cluster sizes observed for each sample. For all of the 
samples, the distributions are skewed towards larger cluster sizes. Outliers in the distributions 
occur exclusively for larger cluster sizes. This is consistent may provide some clues why our 
counting method indicates a greater concentration than estimates using an ICP-OES derived 
extinction coefficient. Two of the most likely sources of variations in cluster size are 1) 
coalescence of two or more droplets in the nebulization chamber or drift tube our spray-coating 
apparatus or 2) flocculation of particles prior to nebulization. Both sources of variation are more 
likely to increase the cluster size.  
We have taken measures to mitigate the effects of droplet coalescence on the size of the 
AuNRs clusters. As described in the Experimental, by incorporating elements such as a bump 
trap, a drift tube, and a skimmer into our spray coating apparatus, we can selectively filter out 
larger droplets. To get a better idea of the variation in droplet size, 4 wt% paraffin wax dissolved 
in heptane was nebulized in the spray coating apparatus onto silicon as a sample for scanning 
electron microscopy (SEM) analysis. As the droplets were carried through the drift tube, the 
heptane evaporated leaving behind wax spheres that deposited on the silicon substrate. The 
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distribution of the measured diameters for the wax spheres is shown with a box plot in Figure 
5.6a. An SEM of typical wax particles is shown in Figure 5.6b. The mean diameter of the wax 
spheres was 1.04 ± 0.27 µm. When two droplets coalesce to form a droplet with twice the 
volume of the original droplets, then the new droplet would be expected to have a diameter only 
21/3, or 1.26, times larger than the original droplets, which is similar to the variation we observed 
for the wax spheres. Therefore, it is quite possible that droplet coalescence contributes to error in 
our measurements. If we assume a similar distribution of droplet sizes for ultrasonic nebulization 
of our nanoparticle dispersions, then the relative standard deviation in the volume of our droplets 
may be as great as 75%. Because the number of nanoparticles in a droplet depends directly on 
the concentration, differences in droplet size may be an important contributor to the large relative 
standard deviations in Figure 5.4a. However, the distribution in the size of the wax spheres did 
not appear to be skewed like the cluster sizes. The Shapiro-Wilk normality test was applied to 
the distribution of wax particle diameters in Figure 5.6a as well as the distribution of AuNR 
cluster sizes in Figure 5.5. At 95% confidence, normality could not be rejected for the wax 
particle diameters but could be for the cluster size distributions. Because the cluster size varies 
linearly with the volume of the droplets, a more fair comparison might be to compare the wax 
particle size distribution to the cube root of the cluster sizes. Applying the Shapiro-Wilk 
normality test to the cube root of the cluster size distributions, at 95% confidence normality 
could be rejected for the clusters prepared from each AuNR dilution except for the 0.4 and 
0.8 nM samples. Furthermore, the mean cluster sizes are more than 7 times greater than what 
would be expected from extinction-based measurements, possibly indicating additional causes of 
inaccuracy. It should also be noted that many of the wax particles appear to have not been 
completely dry when they were deposited, resulting in some irregular shapes that likely led to 
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artificially larger measured standard deviations in their size. In future work, more accurate 
assessments of the contribution of droplet size variation could be improved by heating the drift 
tube to evaporate excess heptane prior to deposition, ensuring that the wax particles observed 
using SEM are spherical. Still, even making the conservative assumption that there is 60% 
relative standard deviation in droplet volume does not account for all of the variation.  
Flocculation of AuNRs prior nebulization may also lead to greater than expected cluster 
sizes. We have reason to believe that flocculation of nanoparticles may have played a role in our 
measurements because after only a couple of hours, some AuNRs in each of the dilutions were 
found to sediment on the bottom of centrifuge tubes that they were stored in. The ζ-potential of 
silica coated AuNRs in ethanol is usually only slightly negative, which means that they are only 
weakly electrostatically repelled by one another. While their silica shells prevented permanent 
aggregation, van der Waals attraction between particles may have caused them to form loose 
aggregates. Directly estimating nanoparticle concentration from the average cluster size and the 
volume of the droplets would work if the nanoparticles were evenly distributed before they were 
nebulized. If they are unevenly distributed, direct estimations of the nanoparticle concentration 
are more difficult, especially since it is impossible to know how many droplets do no contain any 
nanoparticles solely from analysis of the TEM grid after sample deposition. The effects of 
flocculation could be alleviated by using nanoparticles that have a greater surface charge, which 
would be more likely to electrostatically repel one another. By analyzing the clusters produced 
by spray coating nanoparticles such as CTAB-capped AuNRs, which have a high surface charge, 
it may be possible to assess the degree to which flocculation contributes  
A remote but possible third cause of discrepancy between the estimated AuNR 
concentrations from spray coating versus those found using the extinction of the longitudinal 
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LSPR may be inaccuracy in the extinction coefficient. The extinction coefficient used to find the 
concentration of AuNRs in this study was previously determined for a different sample of 
CTAB-capped AuNRs with similar geometry. It is unlikely that the extinction coefficient is off 
by a factor of 7; however, slight differences in AuNR geometry and changes in the local 
dielectric due to the silica coating and the change in solvent from water to ethanol may have 
affected the extinction coefficient. In future experiments, spray coating CTAB-capped AuNRs 
with an empirically determined concentration from aqueous solution would minimize any error 
in the known concentration. Also, even if other sources of error such as droplet coalescence and 
flocculation are difficult to control for, it may also be possible to generate calibrations curves 
like that shown in Figure 5.4a with nanoparticles of well defined concentration to be able to 
estimate the concentration of nanoparticle samples with similar chemistry and geometry but 
unknown concentration.  
 
5.5 Conclusion 
 We have demonstrated that ultrasonic spray coating can be used as an alternative to drop-
casting for preparing TEM samples from nanoparticle dispersions. While it is difficult to prevent 
drying artifacts such as aggregation and the formation of coffee-rings when preparing samples by 
drop-casting, spray coating results in an even distribution nanoparticles. For fragile TEM support 
films like graphene, spray coating can be used to prepare TEM samples that would otherwise be 
difficult to prepare via drop-casting due to rupture of the support film. Because ultrasonic 
nebulization produces droplets of uniform size, spray coating results in the deposition of clusters 
of nanoparticles. We have shown that the number of nanoparticles per cluster varies linearly with 
nanoparticle concentration. Therefore, it may be possible to estimate nanoparticle concentration 
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by simply counting the nanoparticles observed in TEM images; however, sources of variation 
and systematic error make it difficult to directly calculate nanoparticle concentration from the 
mean number of nanoparticles per cluster.  
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Figure 5.1. A schematic diagram of the ultrasonic spray coating apparatus. A piezoelectric 
transducer is used to nebulize a solution of nanoparticles. The nebulized mist is propelled by a 
carrier gas through a bump trap to a drift tube. After passing through a skimmer, the remaining 
droplets travel into a bell jar where they deposit on a TEM grid. Any remaining aerosol is 





Figure 5.2. Typical low magnification TEM images showing (a) drop-cast silica coated AuNRs 
and (b) spray coated silica coated AuNRs. While drop-cast AuNRs can dry in aggregates of 
varying sizes, spray coated AuNRs are evenly deposited on the TEM sample in similar sized 





Figure 5.3. Bright-field STEM images of (a) a CTAB-capped AuNR and (b) a PEG-SH 
functionalized AuNR on graphene. Both samples were deposited by ultrasonic nebulization of an 
aqueous dispersion. STEM-EELS carbon maps of the nanoparticles in (a) and (b) are shown in 
(c) and (d), respectively. Because the carbon density of the graphene support is known, 





Figure 5.4. (a) The mean number of AuNRs per cluster is plotted against the concentration of the 
AuNR dispersion. Error bars show the standard deviation. The red line represents the linear 
regression line. For each point in the plot, the AuNRs in at least 30 clusters was counted. TEM 
images of typical clusters produced by spray coating 0.010, 0.2, 0.4, 0.6, 0.8, and 1.0 nM silica 




Figure 5.5. Box-and-whisker plots of the number of AuNRs per cluster with individual data 
shown as diamonds for spray coated AuNRs dispersions from Figure 5.4. The distribution of 





Figure 5.6. Wax particles were produced by ultrasonic nebulization of 4 wt% paraffin wax in 
heptane and their diameters were measured using SEM in order to study the size distribution of 
droplets in deposited by our spray coating apparatus. (a) A box-and-whisker plot (right) with 
individual data shown as circles on the left of the measured diameters. (b) A typical SEM image 
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